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EXECUTIVE  SUMMARY 


The  fate  of  jet  fuel  (JP-4)  in  aquatic  sediments  was  studied  con¬ 
comitantly  in  laboratory  test  systems  and  in  the  field.  Sediments  from  an 
estuarine  pond  were  dosed  with  jet  fuel  and  then  reapplied  to  the  pond  as 
well  as  into  plexiglass  trays  on  the  sediment  bed  and  quiescent  bottle  tests 
in  the  laboratory.  Thirty-three  selected  hydrocarbons  in  the  jet  fuel  were 
followed  chemically  to  quantitate  relative  hydrocarbon  losses.  Several 
hydrocarbons  which  biodegraded  or  rapidly  volatilized  in  the  bottle  tests, 
were  much  slower  to  disappear  in  the  field  and  the  plexiglass  trays.  In 
general,  mixing  of  the  jet  fuel  with  sediments  increased  the  persistence  of 
the  associated  hydrocarbons . 


The  fate  of  missile  fuels  in  aquatic  systems  was  also  investigated.  The 
high  density  missile  fuels  RJ-5  and  JP-9  resisted  biodegradation  when  incu¬ 
bated  with  water/sediment  suspensions  collected  from  aquatic  habitats.  RJ-b 
and  JP-9  were  not  toxic  to  the  microbial  communities  at  concentrations  of  4(JU 
mg  per  liter,  but  RJ-5  was  toxic  to  Mysidopsis  bahia  in  96-hour  acute  tests 
(LC50  88  (jTg/r).  .  _  ,  i:_.  ,  _ 4. 
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PREFACE 


This  research  was  conducted  at  the  United  States  Environmental  Protection 
Agency,  Environmental  Research  Laboratory,  Gulf  Breeze,  Florida,  under 
Interagency  Agreement  AR-57-F-2-A-016  with  the  United  States  Air  Force. 

This  report  covers  work  performed  between  October  1982  and  October  198*1. 

The  AFFSC/ROVC  Project  Officer  was  It.  Robert  Beggs. 

We  thank  L.C.  Butler,  T.J.  Lee  ami  V/.T.  Gilliam  for  their  assistance  in 
the  gas  chromatographic  analysis  or  the  hydrocarbon  samples;  C.R.  C'ripe  and 
C.  Somerville  for  their  assistance  in  the  design  and  implementation  of  speci¬ 
fic  experiments;  C.R.  Cripe,  W.T.  Gillian,  T.  Dunn,  K.  Lnglert  and  B.  Pierce 
for  their  help  in  implementation  of  the  hydrocarbon  field  study;  R.  Montgomery, 
J.  Clark,  and  Larry  Goodman  for  their  assistance  in  the  toxicity  studies. 

T.  Maziarz  for  his  assistance  in  processing  and  interpreting  the  experimental 
data  from  the  field  study;  Carol  Otey  and  Val  Caston  for  typing  and  editing. 

This  report  discusses  the  microbial  degradation  of  hydrocarbon  mixtures 
in  aquatic  systems,  and  the  probable  results  of  jet  fuel  leakage  or  spillage 
under  various  environmental  circumstances.  References  to  specific  equipment 
or  brand  names  should  not  be  construed  as  endorsements  of,  or  advertisements 
for  those  products. 

This  report  has  been  reviewed  by  the  Public  Affairs  Office  (PA)  and  is 
releasable  to  the  National  Technical  Information  Service  (NTIS).  At  NTIS, 
it  will  be  available  to  the  general  public,  including  foreign  nationals. 


This  report  has  been  reviewed  am*  is  approved  for  publication. 


KENNETH  T.  DENBLEYKER,  Ma j ,  USAF  LAURENCE  D.  HCKANSON,  Col,  USAF 

Chief,  Environmental  Sciences  Branch  Director,  Engineering  and  Services 
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SECTION  I 


INTRODUCTION 


A.  OBJECTIVE 

The  objectives  for  this  project  were:  (1)  to  simulate  a  spill  of  JP-4 
fuel  in  a  small  estuarine  pond  and,  by  following  the  fate  of  selected  hydro¬ 
carbons  in  the  fuel,  attempt  to  assess  the  value  of  laboratory  experiments 
performed  at  the  same  time)  in  predicting  events  in  the  field  study;  (2)  To 
determine  if  biotic  or  abiotic  degradation  of  the  synthetic  missile  fuels 
would  occur  in  water  and/or  sediment  and,  if  the  fuels  persisted,  determine 
their  toxicity  to  a  standard  test  organism  typical  of  marine  habitats. 

B.  BACKGROUND 

Hydrocarbons  are  introduced  into  the  surface  waters  of  marine  environments 
through  runoff  and  erosion,  effluent  discharges,  atmospheric  deposition,  and 
accidental  spills.  The  extensive  transportation  of  jet  fuels  over  land  and 
water,  particularly  in  areas  near  bays,  estuaries,  and  wetlands,  has  produced 
increased  concern  over  the  effects  of  these  fuels  on  marine  and  estuarine 
environments  (Reference  1).  Of  particular  environmental  concern  in  aquatic 
environments  are  the  toxic  hydrocarbons  with  the  boiling  range  between  the 
n-Cg  and  n-Ci4  hydrocarbons,  a  group  that  constitutes  the  major  fraction  of 
jet  fuels.  The  degree  of  incorporation  of  these  hydrocarbons  into  the  water 
column  of  aquatic  ecosystems,  following  a  spill  or  discharge,  will  largely 
determine  the  potential  for  adverse  environmental  impact. 

The  fate  of  spilled  hydrocarbons  in  aquatic  environments  is  controlled 
by  a  variety  of  processes  including  surface  spreading,  evaporation,  emulsi¬ 
fication,  and  microbial  and  photochemical  degradation.  Sorption  onto  particu¬ 
lates  can  carry  hydrocarbons,  at  varying  rates,  to  bottom  sediments.  The 
importance  of  some  of  these  processes  on  the  fate  of  jet  fuels  has  been 
addressed  in  a  variety  of  laboratory  studies  (Reference  2).  Because  of  our 
reliance  on  this  laboratory  information  to  make  predictions  about  the  fate  of 
jet  fuels  in  complex  natural  systems,  comparisons  of  fate  data  from  laboratory 
and  field  studies  studies  was  necessary  as  a  means  of  improving  our  confidence 
in  the  environmental  significance  of  laboratory  data. 

As  with  jet  fuels,  the  increased  use  of  synthetic  missile  fuels  creates 
a  similar  potential  for  spillage  into  estuarine  and  marine  environments.  A 
study  of  of  the  fate  and  toxicity  of  these  fuels  in  aquatic  test  systems  was 
therefore  necessary. 

C.  SCOPE 

As  with  any  laboratory  studies  that  are  potentially  used  to  make  predict¬ 
ions  about  events  in  the  field,  it  is  important  to  perform  field  validation  of 
the  results.  In  examining  the  laboratory  information  produced  on  the  fate  of 
jet  fuels  in  aquatic  systems,  it  was  decided  that  the  most  important  aspect  of 
these  studies  to  validate  was  the  effects  of  sediment  on  biodegradation  and 
volatilization  rates.  This  decision  was  based  on  results  which  showed  that 
when  jet  fuel  was  appled  to  the  surface  of  the  shallow  water  column  contained 


in  the  quiescent  bottle  test,  it  would  evaporate  at  approximately  the  same  rate 
as  jet  fuel  spilled  on  the  surface  of  a  body  of  water  in  the  field.  There  was 
little  need  of  further  validation.  However,  the  fate  of  jet  fuel  when  it 
becomes  mixed  with  sediments  is  considerably  more  complicated  because  of  the 
generally  undisturbed  nature  of  the  sediment  bed,  the  large  volumes  of  water 
covering  the  sediment,  and  the  metabolic  potential  (or  lack  of  it)  possessed 
by  the  microbial  communities  associated  with  the  sediment.  The  ability  to 
simulate  these  sediment  factors  in  laboratory  test  systems  was  uncertain  and 
thus  field  validation  of  this  aspect  seemed  appropriate. 

The  quiescent  bottle  procedure  incorporates  an  initial  shaking  step  to 
promote  contact  of  the  jet  fuel  with  sediment  as  it  might  occur  during  a  spill 
incident.  To  artificially  create  a  similar  situation  in  the  field,  however, 
would  require  a  major  logistical  undertaking  that  was  beyond  our  field  capabi¬ 
lities.  It  was  decided,  therefore,  to  perform  a  field  validation  exercise  by 
initially  contaminati ng  sediments,  from  a  selected  field  site,  with  a  speci¬ 
fied  amount  of  jet  fuel  and  then  adding  this  contaminated  sediment  back  to 
the  field  site.  This  procedure  would  essentially  be  equivalent  to  the  initial 
shaking  step  and  the  subsequent  incubation  method  in  the  quiescent  bottle 
test.  In  addition,  the  contaminated  sediment  would  be  added  to  a  laboratory 
test  system.  The  fate  of  the  hydrocarbons  in  both  laboratory  and  field  systems 
would  be  compared.  Our  studies  have  shown  that  information  from  laboratory 
tests  was  only  partially  sufficient  for  predicting  the  fate  of  JP-4  in  a 
small  pond.  However,  both  laboratory  and  field  studies  indicated  that  many 
hydrocarbons  in  jet  fuel  will  persist  if  they  become  associated  with  sediments 
in  aquatic  environments. 

Since  little  information  was  known  about  the  fate  of  missile  fuel  in 
aquatic  systems,  simple  laboratory  tests  would  be  used  to  follow  the  disappear¬ 
ance  rate  of  hydrocarbons  in  the  missile  fuels  RJ-5  and  JP-9.  Shake-flask 
studies  would  be  performed  using  water  and  sediment  samples  from  three  different 
estuarine  sites.  The  importance  of  biodegradation  relative  to  volati 1 ization 
would  be  assessed  by  comparing  sterile  and  nonsterile  treatments.  Toxicity 
of  the  missile  fuels  to  microbial  communities  and  mysid  shrimp  would  also  be 
examined  using  the  endpoints  of  mineralization  of  radiolabeled  substrates  and 
mortality  over  a  96-hour  period,  respectively.  Our  studies  have  shown  that 
the  synthetic  hydrocarbons  of  RJ-5  and  JP-9  were  quite  persistent  in  water 
and  sediment  samples  from  aquatic  systems,  showing  no  biodegradation  over  the 
course  of  our  experiments.  The  missile  fuel,  RJ-5  was  toxic  to  mysid  shrimp. 


SECTION  II 


A.  RESEARCH  PLAN 


JET  FUEL  STUDIES 


When  fuel  oils  are  spilled  in  aquatic  systems,  the  associated  hydrocar¬ 
bons  will  either  volatilize,  dissolve  in  the  aqueous  medium,  sorb  to  sediments 
and  suspended  particulates,  or  be  degraded  by  communities  of  microorganisms. 

Our  previous  studies  (Reference  2)  have  shown,  based  on  laboratory  tests,  that 
these  processes  occur  to  varying  degrees  with  jet  fuel.  To  establish  the 
validity  and  significance  of  these  results,  we  elected  to  further  study  the 
fate  of  jet  fuel  using  a  field  approach.  The  following  plan  of  action  was  con¬ 
sequently  developed: 

a.  Compare  previous  test  results  with  published  information. 

b.  Examine  the  literature  for  guidance  in  performing  a  field 
validation  of  laboratory  data. 

c.  Design  and  implement  a  field  study  to  assess  the  environmental 
fate  of  jet  fuels  in  aquatic  system. 

d.  Compare  results  of  laboratory  and  field  tests. 


1.  Literature  Review 

Two  important  aspects  of  our  previous  laboratory  studies  merit  special 
consideration  because  of  their  impact  in  assessing  potential  adverse  effects  of 
a  jet  fuel  spill  in  an  aquatic  environment.  These  are:  (a)  the  rapid  biodegra¬ 
dation,  in  pristine  waters,  of  aromatic  hydrocarbons  relative  to  aliphatic  hy¬ 
drocarbons  when  these  hydrocarbons  are  available  (i.e.,  not  lost  to  volatility) 
to  microbial  communities  in  the  water  column  and  (b)  the  apparent  persistence 
of  jet  fuel  hydrocarbons  when  they  become  associated  with  natural  sediments. 

The  validity  of  these  observations  can  be  determined  initially  by  making 
comparisons  with  the  existing  literature. 

Relative  biodegradation  rates  of  aromatic  and  aliphatic  hydrocarbons 
in  petroleum  products  by  natural  microbial  communities  in  aquatic  environments 
is  not  clearly  established  and  conflicting  results  appear  in  the  literature. 

The  general  dogma  is  that  normal  alkanes  are  the  first  hydrocarbons  to  biode¬ 
grade  in  an  oil  spill  situation;  past  reports  have  indicated  that  the  aromatic 
fraction  of  oil  was  quite  resistant  to  microbial  attack  (References  3  and  4). 
Lee  et  al .  (Reference  5),  for  example,  found  that  in  Georgia  salt  marsh  areas 
dosed  with  a  heavy  fuel  oil,  the  aromatic  hydrocarbons  were  not  substantial Jy 
degraded  until  approximately  45  days  after  the  dosing.  However,  recent  studies 
indicate  exactly  the  opposite  result.  Fedorak  and  Westlake  (Reference  6) 
examined  the  biodegradation  of  Prudhoe  Bay  crude  oil  under  "shake-flask" 
conditions  using  a  specific  extraction  and  col umn-separation  procedure  to  eval¬ 
uate  the  relative  biodegradability  of  saturated  and  aromatic  hydrocarbons. 

They  observed  in  pristine  and  polluted  water  samples  that  the  aromatic  fraction 
was  degraded  more  rapidly  than  the  saturate  fraction.  Supplementation  with 
nitrogen  and  phosphorous  increased  the  degradation  of  the  saturate  fraction  in 
their  experiments,  but  the  simple  aromatics  (naphthalene,  2-methylnapthalene) 
still  degraded  more  readily  than  the  n-alkanes.  Jones  (Reference  7)  revealed 
in  the  monitoring  of  oil-polluted  sediments  in  the  Shetland  Islands  that  the 


al kylaronatir  hydrocarbons  were  also  degraded  before  degradation  of  the  normal 
alkanes.  In  fact,  ratios  of  pristane  to  heptadecane  remained  relatively 
constant,  while  ratios  of  pristane  to  the  aromatic  components  increased 
rapidly.  Ward  et  al.  (Reference  8),  reported  similar  observations  in  a  study 
of  oil -polluted  sediments  from  the  Amoco  Cadiz  spill  area.  They  observed  a 
substantial  decrease  in  the  normal  alkanes  and  the  mono-  and  diaromatic  hydro¬ 
carbons,  but  not  the  branched  alkanes,  triaromatics  and  dibenzothiophenes. 
Studies  by  Albaiges  and  Cuberes  (Reference  9)  showed  that  the  degradation  of 
alkanes  was  slower  with  increasing  chain  length,  leading  to  relative  persist¬ 
ence  of  the  higher  paraffins.  The  aromatic  fraction  of  the  oil  they  studied 
showed  sequential,  but  relatively  rapid,  biodegradation;  degradation  of  the 
alkylbenzenes  preceded  degradation  of  the  polynuclear  aromatic  materials. 

These  results  support  our  observations  (Reference  2)  of  rapid  bio¬ 
degradation  of  many  aromatic  hydrocarbons  but  relatively  slow  degradation  of 
the  alkanes  and  branched  alkanes,  particularly  those  of  higher  molecular 
weight.  This  pattern  of  degradation  may  be  due  to  the  greater  availability 
of  the  aromatics  to  the  microbial  communities  in  water,  as  many  of  the  volatile 
aromatic  hydrocarbons  in  jet  fuel  readily  dissolve  in  the  surrounding  aqueous 
medium.  This  solution  or  water-sol ubl e  fraction  (WSF)  is  dominated  by  alkyl 
benzenes  and  napthalenes  (References  10  and  11).  Researchers  cannot  agree  on 
the  factors  uf‘ecting  dissolution  (increased  availability  to  micr  organisms) 
or  evaporation  (decreased  availability  to  microorganisms)  in  any  particular 
environmental  sample.  Roehm  et  al .  ^Reference  12)  observed  almost  equal 
losses  of  aromatics  'high  solubility)  and  alkanes  (low  solubility),  attri¬ 
buting  fheir  results  to  vol at i 1 i zat i on .  7urcher  and  Thuer  (Reference  13),  on 
the  other  hand,  observed  rapid  loss  of  i sopropyl benzene,  compared  to  that  for 
nonane,  and  attributed  the  results  to  dissolution.  Several  environmental 
factors  have  been  shown  to  affect  the  WSF  (Reference  11);  lower  temperatures 
decreased  solubility  of  the  WSF  whereas  water  turbulence  increased  the  WSF 
concentration.  However,  original  composition  of  the  oil  or  fuel  was  the 
dominant  factor  affect im;  the  WSF.  These  variables,  therefore,  could  greatly 
affect  the  observed  rapid  degradation  of  aromatic  hydrocarbons . 

The  apparent  persistence  of  hydrocarbons  in  fuel-contaminated  sedi¬ 
ments  as  seen  in  our  previous  work  has  boon  observed  in  other  studies  on  oil 
degradation.  Since  petroleum  hydrocarbons  are  hydrophobic,  a  major  transport 
mechanism  of  these  chemicals  in  riverine  ind  estuarine  systems  is  associated 
with  suspended  particulates.  Pollutant  hydrocarbons ,  therefore,  tend  to 
readily  accumulate  on  particulate  materials  or  in  sediments  (References  14  and 
lb).  The  fate  of  oil  in  natural  sediments  has  been  studied,  using  a  technique 
of  placiny  oi 1 -contani nated  sediments  in  plexiglass  trays  and  lowering  the 
trays  onto  the  sediment  bed  of  a  particular  field  location  (References  16  and 
17).  Extensive  sampling  over  a  2-year  period  revealed  very  slow  biodegradation. 
A  significant  decrease  in  the  aliphatics  (less  than  Cj7  length)  and  diaromatics 
was  observed,  but  little  decrease  in  the  triaromatics  and  sulfur-containing 
hydrocarbons  occurred.  Although  attempts  were  made  to  mix  oil  and  sediments 
in  these  studies,  a  high  degree  of  spatial  and  temporal  variability  was  noted 
between  replicate  samples  because  of  sediment  trapping  of  the  oil.  Hydrocar¬ 
bons  from  refinery  wastes  enteriny  an  estuary  in  Fngland  were  found  to  rapidly 
adsorh  to  sediments  (References  1R  and  Id).  Little  change  in  concentration  of 
hydrocarbons  with  dept h  m  the  sediment  suggested  that  mixing  or  hiodegradaf ion 
was  not  occurring.  Wanes  and  Atlas  (•■etr,rencp  20)  examined  the  biotic  fate 
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of  Prudhoe  Bay  crude  oil  in  near  shore  sediments  of  the  Beaufort  Sea,  using  a 
small  enclosure  in  the  field.  Oil  in  sediments  degraded  very  slowly,  with 
only  the  low  molecular  weight  (<  C18)  alkanes  showing  significant  losses  over 
a  1-year  exposure  period. 

In  other  situations,  significant  biodegradation  of  hydrocarbons  in 
sediments  has,  in  fact,  been  detected  or  inferred.  Jones  et  al.  (Reference 
7)  and  Ward  et  al .  (Reference  8)  found  that  alkanes  and  aromatic  hydrocarbons 
degraded  in  sediments  following  contamination  from  an  oil  spill.  Bates  et 
al.,  and  Hamilton  et  al.  (Reference  21  and  22),  havinq  found  three  times  the 
concentration  of  polynuclear  aromatic  hydrocarbons  in  suspended  sediments  as 
they  did  in  surficial  bottom  sediment,  concluded  that  because  the  flux  of 
aliphatic  hydrocarbons  to  sediment  was  greater  than  the  rate  of  hydrocarbon 
accumulation  in  sediments,  biodegradation  of  sorbed  hydrocarbons  was  occurring. 
Others  have  provided  indirect  evidence  for  hydrocarbon  biodegradation  in 
sediments  by  showing  that  the  number  of  hydrocarbon  degraders  was  elevated  in 
oi 1 -contaminated  sediments  relative  to  uncontaminated  sediments  (References 
23  and  24).  Four  different  types  of  oil  (Arabian,  Libyan,  Number  6  and 
Number  2  crude  oil),  when  applied  to  salt  marsh  test  plots,  persisted  in 
sediments  for  up  to  1  year  (Reference  25).  However,  enrichment  of  alkyl- 
substituted  phenanthrene  relative  to  alkyl-substituted  naphthalene  (present 
in  the  original  oils)  and  the  enrichment  of  isoprenoid  hydrocarbons  (pristane 
and  phytane)  relative  to  n-alkanes  suggested  that  some  degradation  had  occurred. 
Biodegradation  of  hydrocarbons  in  kerosene  in  sediment -water  slurries  taken 
from  lakes  with  differing  histories  of  hydrocarbon  pollution  has  also  been 
demonstrated;  the  highest  degradative  activity  was  associated  with  the  most 
oil-polluted  samples  (Reference  26). 

These  results  suggest  that,  in  certain  environmental  situations, 
sediment-associated  hydrocarbons  are  very  slow  to  degrade.  It  supports  our 
observations  (Reference  2)  of  slow  biodegradation  of  jet  fuel  hydrocarbons  in 
sediments.  Lack  of  degradation  is  probably  due  to  a  variety  of  environmental 
factors  but  the  availability  of  dissolved  oxygen,  a  factor  shown  many  times  to 
be  mandatory  for  biodegradation  of  fuel  hydrocarbons,  is  the  most  likely 
restriction  for  biodegradation  in  the  sediments. 

The  ecological  consequences  of  this  persistence  are  illustrated  in 
the  outdoor  tank  studies  carried  out  by  a  research  group  at  the  University  of 
Rhode  Island.  These  studies  dealt  with  the  effects  of  crude  oil  on  a  coastal 
marine  ecosystem  using  large  outdoor  tanks  (References  27,  28,  and  29  30). 

The  incorporation,  distribution  and  fate  of  Number  2  fuel  oil  in  sediments 
has  been  studied  in  these  tanks.  About  BO  percent  of  the  insoluble  saturated 
hydrocarbons  were  adsorbed  to  suspended  particulates,  which  eventually  were 
deposited  on  the  sediment  bed  and  slowly  mixed  into  the  sediment  by  biotur- 
bation.  Biodegradation  of  the  oil  in  sediments  occurred,  but  a  residue  of 
12-20  percent  of  the  original  Number  2  fuel  oil  persisted  for  at  least  1  year. 
Chronic  (5-month  continuous),  low-level  (range:  60-350  parts  per  billion) 
dosing  of  the  tanks  with  the  Number  2  fuel  oil  resulted  in  significant  toxic 
effects  to  both  the  planktonic  and  benthic  communities  (Reference  27).  Phyto¬ 
plankton  populations  increased  in  biomass  and  had  a  radically  different  species 
composition  relative  to  control  tanks.  The  observed  changes  were  probably  a 
result  of  decreased  grazing  pressure  caused  by  toxicity  of  the  fuel  to  the 
zooplankton  and  benthic  suspension  feeders.  Likewise,  benthic  protozoan 
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populations  in  the  sediment  increased  dramatical ly  as  a  result  of  substantial 
decreases  in  predatory  macrofaunal  populations.  Bioturbation  activities  in 
the  sediments  were  also  reduced  due  to  the  drop  in  macrofaunal  numbers. 

Host  important  from  the  standpoint  of  microbial  activity,  was  a 
major  suppression  in  the  production  of  total  inorganic  nitrogen  (NH4,  NO2,  NO3) 
from  the  sediments.  Considering  that  the  principal  growth-1 imiting  factor  for 
phytoplankton  productivity  in  Narragansett  Ray  is  controlled  by  the  rate  of 
mi neral i zat ion  of  organic  nitrogen  deposited  from  the  water  column  into  the 
sediment  and  by  the  eventual  efflux  of  nitrogen  from  sediments,  this  effect 
1 s  quite  serious  and  represents  an  adverse  effect  that  could  be  experienced 
in  any  coastal  ecosystem. 

Thus,  our  observed  persistence  of  jet  fuel  hydrocarbons  in  labora¬ 
tory  test  systems  with  sediment  (Reference  2 )  is  cause  for  concern  because 
of  the  potential  •jcoloyical  impacts.  However,  before  this  concern  can  be 
factored  into  an  erivi ronmenta 1  management  concept  that  might  be  used  by  the 
Air  Force  in  the  event,  of  a  jet  fuel  spill,  further  validation  of  the  obser¬ 
vations  must  be  undertaken.  A  field-dosing  experiment  with  jet  fuel  was 
therefore  ^elected  as  a  means  of  further  validation. 


2.  rield  Dosing  Methods  and  Rationale  for  Field  Study 

Field  studies  relating  to  hydrocarbon  degradation  in  aquatic  systems 
are  generally  of  three  types:  examination  of  environments  presently  polluted 
with  hydrocarbons  (spills,  effluents,  etc.),  dosing  of  large  environmental 
enclosures,  and  dosing  of  laboratory  microcosms.  Monitoring  of  the  Searsport, 
Maine  oil  spill  (1971),  for  example,  has  shown  that  lower  temperatures  and 
anoxic  conditions  greatly  slowed  the  weathering  of  the  oil  hydrocarbons 
(Reference  31).  Similar  conclusions  were  reached  in  an  in  situ  study  of  the 
fate  of  Metula  oil  spilled  on  the  beaches  bordering  the  Straits  of  Magellan 
(Reference  32).  Biodegradation  of  oil  from  the  Amoco  Cadiz  spill  was  found 
to  he  very  slow,  possibly  because  of  inorganic  nutrient  limitations  (Reference 
331.  The  monitoring  of  oil-polluted  sediments  in  the  Shetland  Islands 
(Reference  7)  showed  that  degradation  occurred  primarily  in  aerobic  sediments 
and  that  r.he  al  kylaromatic.  hydrocarbons  were  degraded  heforp  normal  alkanes. 
Otners  have  examined  the  fate  of  petroleum  hydrocarbons  in  salt  marsh  areas 
by  dosing  a  field  site  directly  (References  5,  17,  and  33).  Fusey  and  Outdot, 
(Reference  341,  after  having  dosed  sediments  in  the  field  with  light  crude 
oil,  were  able  to  develop  a  tentative  semiquantitati ve  graphic  model  to 
evaluate  the  relative  parts  physical  removal  and  biodegradation  play  in  the 
decontamination  of  oil -polluted  seashore  sediments. 

The  dosing  of  large  environmental  enclosures  has  frequently  been 
used  for  fate  studies  of  hydrocarbons .  The  vertical  mass  fluxes  and  sedi¬ 
mentation  rates  of  crude  oil  have  been  studied  in  large  flexible  plastic 
containers  of  water  from  the  North  Sea  (References  3b,  3b,  37  and  38). 
Adsorption  to  and  subsequent  sedimentation  of  plankton  and  oryanic  detritus 
caused  rapid  sinking  of  the  petroleum  hydrocarbons  and  comparati vely  little 
microbial  mineralization  was  observed.  Photo-oxidation  of  the  hydrocarbon 
components,  possibly  to  fn>.ir  polar  products,  was  also  observed  in  the  en- 
1  Insure  experiments  (References  3b  and  38).  We  have  previously  mentioned  I  he 
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use  of  large  outdoor  tanks  to  study  the  fate  and  effects  of  oil  (References 
27).  The  tanks,  which  comprise  a  physical  simulation  model  of  Narragansett 
Hay,  are  5.S  meters  high,  1.83  neters  in  diameter,  and  contain  a  box  core  of 
sediment  (30  cm  deep)  that  continuously  receives  unfiltered  hay  water  (turnover 
time  equal  to  27  days)  while  exposed  to  natural  light  and  temperatures  regimes. 
Stirring  devices  were  designed  to  direct  turbulent  energy  onto  the  sediment  to 
effect  resuspension  of  flocculant  material  as  observed  in  the  bay.  The  size 
of  these  tank  systems,  although  originally  designed  to  satisfy  a  specific 
sampling  regime,  greatly  restrict  experimental  manipulation.  These  systems 
represent  some  of  the  most  extensively  characterized  long-term  enclosure-type 
experiments  to  date,  providing  detailed  descriptions  of  annual  plankton  and 
nutrient  cycles,  benthic  invertebrates,  turbulent  mixing,  and  replicability. 

Recent  oil  degradation  studies  in  microcosms  have  produced  some 
interesting  hypotheses  about  the  fate  of  oil  in  aquatic  systems.  Circular 
glass  containers,  filled  with  water  overlying  a  sediment  bed,  were  employed  by 
Albaiges  and  Cuberes  (Reference  9)  to  show  that  photolysis  and  biodegradation 
play  a  very  integrated  part  in  the  fate  of  oil,  particularly  in  terms  of  the 
degradation  of  polyaromatic  hydrocarbons.  They  also  questioned  the  widely 
accepted  dogma  that  n-alkanes  are  metabolized  more  rapidly  than  either 
naphthenes  or  aromatics;  these  hydrocarbon  families,  in  fact,  showed  a  very 
nonuniform  reactivity  throughout  their  complete  molecular  range.  Horowitz 
and  Atlas  (Reference  39)  also  observed,  in  a  unique  continuous  flow-through 
microcosm,  that  most  components  in  their  test  oil  degraded  at  about  similar 
rates,  again  questioning  the  relative  reactivity  of  the  metabolic  transfor¬ 
mations  of  petroleum  hydrocarbons  in  complex  natural  systems.  A  microcosm 
designed  to  model  the  fate  of  oil  in  a  tidal  flat  system  typical  of  the 
Madden  Sea  (Reference  40)  revealed  that  bioturbation  by  benthic  inverte¬ 
brates  caused  the  oil  to  be  rapidly  buried  in  the  sand.  The  apparent  lack  of 
degradation  in  the  sediment  resulted  in  the  persistence  of  oil  and  subtle 
long-term  toxicological  effects  to  the  biota  contained  in  the  microcosm. 

Franco  et  al.  (Reference  41)  also  showed  similar  ecosystem-level  effects  in  a 
pond  microcosm  exposed  to  coal-derived  oil.  The  toxic  response  they  observed 
was  not  an  effect  that  could  be  easily  observed  in  more  simplified  types  of 
laboratory  bioassay  tests. 

Based  on  information  in  these  reports,  it  was  decided  that  direct 
dosing  of  a  field  pond  would  provide  the  most  practical  and  efficient  means 
of  field- val idating  our  laboratory  results.  The  rationale  was  that  field 
er:’;sures  were  too  mechanically  complex  and  expensive  and  that  microcosm  studies 
were  complicated  because  of  a  need  to  simulate  appropriate  water  depth  and 
"atjral  dissolved  oxygen  concentrations.  In  addition,  it  was  decided  that 
of  jet  fuel  to  the  water  surface  of  a  pond  without  accompanying 
water  turbulence  or  mixing  would  result  in  rapid  volatilization  of  the  fuel 
with  little  residual  for  analysis  of  hydrocarbon  fate.  Mechanical  mixing  of  a 
pond  to  enhance  exposure  of  the  fuel  to  sediments,  as  might  be  expected  under 
certain  spill  situations,  was  considered  but  was  felt  to  be  unsafe  because  of 
the  need  to  use  powered  mixing  devices  in  an  area  of  flammable  hydrocarbon 
vapors.  We  also  knew,  that  vigorous  mixing  would  excessively  disrupt  the 
natural  state  in  a  pond,  particularly  any  low  oxygen  zones,  liowevpr,  much  of 
our  information  from  laboratory  tests  dealt  with  close  association  of  fuel 
hydrocarbons  with  sediments:  i.e.,  quiescent  bottle  tests  were  initially  shaken 


tor  1  hour  to  vigorously  n'<  the  fuel  Into  sediment-water  slurries  (Reference 
2).  Therefore,  a  fieM-rnsing  method  hao  to  be  developed  which  would  assure 
significant  exposure  of  the  jet  fuel  to  sediments. 

2.  i'xperirienta  1  l)lan  for  Field  Dosing  with  JP-4 

The  field  pom?  was  dosed  by  direct  contamination  of  sediments;  the 
protocol  (Figure  1)  was  to  physically  remove  sediments  from  a  pond,  thoroughly 
mix  then  with  a  specified  amount  of  jet  fuel,  and  add  the  contaminated 
sediments  back  to  the  pond.  By  periodically  removing  sediment  samples  and 
extracting  with  solvent,  we  could  quantitate  changes  in  hydrocarbon  composition 
by  gas  chromatography .  We  reasoned  that  when  the  jet  fuel -sediment  mixture 
was  added  to  the  pond,  much  of  the  fuel  would  initially  evaporate,  but  enough 
residual  hydrocarbon  would  remain  such  that  its  longer-term  fate  could  be 
assessed.  If  hydrocarbons  persisted  in  sediments,  as  had  been  observed  in 
lab  r a ?■ : i ry  tests,  this  shoild  be  apparent  in  the  pond. 

The  addition  of  oi I -contaminated  sediments  to  aquatic  systems  as  a 
means  of  studying  the  fate  of  hydrocarbons  in  natural  sediments  was  success¬ 
fully  omjloyed  by  Haines  and  Atlas  (Reference  17)  in  their  work  on  the  in  sj_".u 
microbial  degradation  of  Pnidhoe  Ray  crude  oil  in  sediments.  They  collected 
sediment,  mixed  it  with  crude  oil  (5  percent  volume  for  volume)  uni i 1  nr 
visible  (> i 1  slick  accumulated  on  the  sediment  surface  and  then  dispensed  tho 
mixture  i  ot  ■  ?b  by  by  S  cm  plexiglass  trays.  The  trays  were  then  replaced 
on  the  bottom  of  a  lagoon  and  incubated  for  up  to  2  years.  This  method 
allows  water  tc  freely  exchange  with  the  sediment  in  the  tray  and  thereby 
replenish  oxygen  and  inorganic  nutrients.  But  it  prevents  the  contaminated 
sediment  from  being  mixed  with  uncontami nated  sediment  and  thereby  slows 
dilution  of  residual  hydrocarbons.  At  each  sampling  period  in  their  study,  i 
tray  was  brought  to  the  surface,  with  minimal  disturbance,  and  the  residual 
oil  content  of  the  sediment  was  determined.  In  their  case,  very  little  bio¬ 
degradation  of  the  oil  occurred  because  of  cold  temperatues  in  the  test  area. 

The  application  of  this  method  to  our  field  study  seemed  very 
appropriate.  As  a  result,  a  procedure  was  developed  (see  Figure  1)  in  which 
sediments  contaminated  with  JP-4  were  placed  in  plexiglass  trays  and  set  out 
on  the  bed  sediment  of  a  pond.  However,  rather  than  removing  the  trays  for 
sampling,  we  sampled  the  trays  in  place  using  a  simple  suction  sampling 
device.  In  addition,  we  placed  the  JP-4/sediment  mix  directly  on  the  sediment 
bed  (no  trays)  to  determine  the  fate  of  the  jet  fuel  under  conditions  where 
dilution  into  uncontami nated  sediment  was  not  restricted.  Finally,  the 
JP-4/sediment  mix  was  used  in  a  standard  quiescent-bottle  test,  as  previously 
described  by  Spain  et  al.  (Reference  2),  in  Figure  1,  to  determine  the  relative 
rates  of  hydrocarbon  in  jet  fuel  under  sterile  (no  biodegradation)  and 
nonsterile  (biodegradation)  conditions. 

The  fate  of  the  volatile  hydrocarbons  in  sediments  depends  to  a  large 
extent  on  the  height  of  the  water  column  over  the  sediments  (i.e.,  controls 
volati 1 ization)  and  the  amount  of  oxygen  available  (i.e.,  controls  biodegrad¬ 
ation).  In  a  pond,  both  conditions  will  he  variable;  arpas  near  the  center 
of  a  pond  will  be  the  deepest  (less  vol at ? I ization)  and  may  also  have  zones 
with  lowest  dissolved  oxygen  (less  biodegradation).  Thus,  the  fate  of  JP-4 


P. 


QUIESCENT  BOTTLE 
TEST  IN 
LABORATORY 


THOROUGH 

MIXING 


JP-4 


1 


MIXING 

PAN 


PLEXIGLASS 

TRAYS 


SUBSAMPLES 


DREDGE  SAMPLING 


GAS  CHROMATOGRAPHIC 
ANALYSIS 
OF  JET  FUEL 


Figure  1.  Schematic  Diagram  of  Experimental  Design  for  Jet  Fuel  Study 


my  differ  significantly,  depending  on  its  location  in  a  pond.  To  accomodate 
these  possibilities,  our  field  dosing  was  carried  out  by  placing  JR-4  contami¬ 
nated  sediments  (in  trays  and  directly  on  the  sediment  bed)  in  a  deep  and 
shallow  area  of  the  pond.  Accordingly,  a  second  set  of  quiescent  bottle  tests 
was  set  up  with  larger  amounts  of  water  covering  the  sediments  to  roughly 
model  the  deeper  portion  of  the  pond. 

4.  naracteri st i cs  o'  field  Site 

The  pond  selected  for  our  field  test  was  located  on  Santa  Rosa 
Island  **.  an  area  designated  as  Rig  Sabine  Roint  (figure  ?)  and  had  a  surface 
area  of  approximately  lbc  r?  (F inure  3).  A  small  sand  dune  limited  exchange 
of  the  [iind  with  Santa  Rosa  Sound  to  spring  tides  and  storms.  Site  R,  our 
primary  shallow  water  sit*-*  (approximately  1-1.5  meters  deep)  had  a  relatively 
stable  concent  ration  of  dissolved  oxygen,  averaging  around  6  ppm  (Figure  4). 
Salinity,  pH,  and  tenperat urn  were  relatively  constant.  Site  C,  our  primary 
deep  water  site,  had  dissolved  oxygen  concentrations  which  frequently  dropped 
below  1  ng/"  at  the  lower  depths  (Figures  5,6,7).  Changes  in  pH  and  salinity 
for  this  site  were  relatively  small  and  the  values  were  similar  to  those  at 
Site  R.  Temperature  fluctuated  ever  an  11°  C  range  with  time  but  showed  only 
a  slight  decrease  in  temperature  with  depth  (no  st rat i f i cat i on ) .  Measured 
values  of  these  four  parameters  at  sites  B  and  C  are  given  in  Appendix  A. 

The  sediment  at  Site  B  consisted  of  sand  mixed  with  organic  detritus 
(plant  and  algal  repaint)  while  tne  sediment  at  Site  C  consisted  of  sand  layer¬ 
ed  with  a  mat  (1-4  cm)  of  light  fluffy  organic  detritus.  Differences  in 
water  levels  in  the  pond,  which  varied  with  the  tides  and  the  weather  conditions, 
were  generally  less  than  Hb  cm. 

Dye  studies,  using  khodomine  WT,  were  carried  out  to  measure  water 
turnover  rates.  Dye  was  added  ho  the  water  and  mixed  for  15  minutes  with  a 
trolling  motor.  Water  samples  ( 5  nr  )  were  taken  at  Sites  B  and  C  at  different 
depths  and  brought  back  to  the  laboratory  to  measure  the  fluorescence  using  a 
Turner  Fluorometer.  Relative  changes  in  dye  concentrations  are  given  in 
Appendix  A.  In  general,  dilution  was  slow  enough  that  it  would  not  dramati¬ 
cally  affect  hydrocarbon  di  sappearance  rate1;.  Very  little  difference  in  con¬ 
centrations  of  dye  with  depth  was  observed  indicating  uniform  mixing  within 
thp  water  column. 

R.  MFTHODS 

1.  Dosing 

Sediment,  which  was  largely  organic  detritus  mixed  with  small  amounts 
of  sand,  was  collected  from  the  pond  bottom  using  an  Eckman  dredge.  A  fiber¬ 
glass  box  (90  cm  by  90  cm  by  40  cm)  was  filled  with  the  sediment  (as  a  thick 
slurry)  and  JP-4  fuel  added.  The  amount  of  fuel  added  was  based  (small  scale 
laboratory  tests)  on  addin;  the  maximum  amount  of  fuel  without  leaving  signiti- 
i  ant  amounts  o»  floating  oil  droplets,  i.o.,  all  adsorbed  to  sediments.  Ihe 
jet  f ue I -sediment  mixture,  after  thorough  mining,  was  first  added,  using  a 
bin  ket  ,  Pack  to  the  pond  at  Sites  R  and  <.  We  attempted  in  distribute  the 
contaminated  sediments  as  evenly  as  possible  over  a  1 ./  -  1.5  square  motors 
are, i  of  (>on(!  bottom  at  each  site.  Second,  the  contami nal  od  sediment  s  were 


Figure  3.  Topographic  Map  of  Study  Pond.  Depths  Are  In  Inches 
The  Pond  was  Surrounded  by  Rooted  Vegetation. 


Dissolved  oxygen 


Dissolved  oxygen  (mg/liter) 


Dissolved  oxygen  (mg/liter) 


Figure  7. 


Concentrations  of  Dissolved  Oxygen  at  Site  C  (Deepwater  Site) 
In  the  Test  Pond  at  Approximately  350  cm  (Sediment-Water 
Interface)  Below  the  Water  Surface.  Arrows  Indicate  Time  of 
Dosing  with  JP-4  Contaminated  Sediment. 


added  to  plexiglass  trays  30  cm  by  30  cm  by  4  cm  high  to  give  a  sediment  depth  of 
approximately  ?  cm.  The  trays  were  then  lowered,  without  disturbina  the 
sediment  inside,  to  the  pond  bottom  at  Sites  P  and  f. 

2.  Sampline 

Water  samples  from  the  pond  were  taken  with  a  clean  bottle  submeraed 
approximatel y  ?5  cm  below  the  water  surface.  Sediment  samples  were  taken  as 
follows:  five  olass  corinq  tubes  (3.5  cm  in  diameter)  were  inserted  into  the 
bottom  sediment  at  the  chosen  sampling  site.  A  small  olass  tube,  stoppered 
at  one  end,  was  inserted  (open-end  first)  into  the  water  column  contained 
within  the  corino  tube.  When  contact  was  made  with  the  sediment,  the  stopper 
was  released;  water  rushinn  into  tho  tube  sucked  up  the  light  fluffy  detrit.a) 
material  contained  within  the  core,  leaving  the  sand  behind.  Tho  smaller 
tube  was  restoppered,  and  withdrawn;  the  sediment  slurry  inside  was  released 
into  a  cloan  sample  bottle.  Several  resamplings  in  the  core  tube  removed 
most  of  the  detn'tal  material.  These  were  combined  in  the  same  sample  bottle. 
The  slurry  in  the  sample  bottle  was  allowed  to  settle  and  the  water  decanted 
to  produce  a  thick  sediment  suspension.  All  five  of  the  core  tubes  were 
sampled  in  a  similar  manner  and  analyzed  separately.  Sampling  at  Sites  P  and 
\  was  set  up  in  a  grid  pattern  to  avoid  samp! inn  the  same  spot  twice. 

The  trays  were  sampled  by  placinr  the  open  end  of  a  olass  tube  (1.5 
cm  diameter)  stoppered  at  one  end,  into  the  water  until  contact  with  the  trays 
was  made.  Water  rushing  into  the  tube  after  the  stopper  was  removed,  sucked 
in  some  of  the  fuel -contami nated  detrital  material  in  the  tray.  The  tube  was 
testoppered  and  removed  from  the  water;  the  sediment  s)urry  contained  inside 
was  released  into  a  sample  bottle. 


Pottle  tests 

f’odi  f  icatioris  of  the  standard  ouiescent  hotHe  t.  ♦  (kwrence  3) 
were  used  to  provide  laboratory  information  on  the  l  i  t|<  and  at  >otic  *atr  ■  ‘ 
.lb-4  in  water  and  sediment  systems.  Pat  her  than  a*Mi*vr  tne  n>*  *,h  1  t  the 
water  or  water-sediment  slurries  in  the  bottles  and  shakier  •  •  the  initial 
1-hour  period  as  described  previously,  the  fuel-<  cut-in  nat<--*  sed’mer  t  used  i  ” 
the  field  dosing  was  added  (PPfiPmq/-  i  directly  to  tit  '  et  tins.  !r>  <  m  set 

of  bottles  the  sediment  was  covered  with  ?r  mLs  of  pure  wat- ■<  ! -o 1 1 1  • 

i.f  a  ted  or  their  sides  without  closures  as  descri'd  irovi".o  .  t» ,  sc 
we  re  referred  to  as  "shallov  water"  tests  and  were,  tr  ere*,  nr  ,  •  t»i  '  bit ■■•* 
-o^r-’s  for  cito  P  in  the  pond.  cteri?e  system's  re.riv  d  .  per  <  '  '  *orralin. 

Another  set  cf  bottles  was  prepared  retainin'  tn».  *,u  .  n  t  ami  na  tr(‘ 

sediment  covered  with  ]RP  mi’s  of  water  whirl’  had  beer  a.  e»  cat*  ’  t.y  sparring 
with  nitrogen.  The  bottles  were  incubated  upr  ief  t  t.>  r<  Y;  surface  ana 
available  for  volatilization  and  ronx  vernation .  Thes«-  ?  t  le«  ”,  |  f.  ;  *  »te  f 

in  the  pond,  i.e.,  relatively  large  wa'-r  depth'  ey»  r  •,»  .*  i  r  **  r  t  aid  redo.  Or* 
oxygen  conditions. 

Pottle  tests  were  r  un  in  .fupl  i<  ate  aM  hw'ri'i  arl  •  •••  >  i  .•  » »*n t » <it  ionr 
were  reported  as  means .  Variation  in  cm  ertnaf  ires  art -no  ,;i.|  In.-fe-.  was 
generally  less  than  *  (('  percent,. 


4.  Chemical  analysis 

Water  and  sediment  slurry  sampler  were  extracted  with  methylene 
chloride  (sample:  solvent  ratio  of  10:1)  in  50  me  Teflon®-! ined  screw-capped 
test  tubes  for  1  hour  by  shaking  in  a  rotary  shaker.  The  resulting  emulsion 
was  broken  by  centrifuging  the  samples  for  30  minutes  at  approximately  3000 
rpm.  Subsamples  of  the  methylene  chloride  were  then  injected  by  auto  sampler 
(H.P.  7671)  into  a  capillary  gas  chromatograph  (H.P.  5735)  using  the  following 
conditions ; 


Column : 


60  meters  by  C.?S  millimeter  inside  diameter  with 
1.0  micrometer  bonded  SPR-1  (Supelco,  Inc.) 


Carrier : 
Detector : 
Injection: 


Hydrogen 

Flame  ionization  detector  at  350  degrees  centigrade 
3.5  microliters  splitless 


Injector  Temp:  ?50  degrees  centigrade 

Oven  Temp:  Programmed  :  PC  degrees  centigrade  for  2  minutes.,  ramp 

at  ?  degrees/minute  to  190  degrees  centigrade  8  minutes 
hold 


Cuanti tations  were  carried  out  by  computer  evaluations  of  peak  re¬ 
tention  times  and  peak  area  integrations  with  a  Hewlett-Packard  3357  LAS  data 
system.  Thirty-three  hydrocarbons  within  the  large  number  of  components  in 
the  jet  fuel  were  selected  for  quantitation.  These  compounds  represented  the 
major  constituents  by  weight.  Each  compound  shown  was  quantitated  by  compari¬ 
son  to  a  standard  mixture  formulated  from  analytical  standards  of  each  com¬ 
pound.  To  reduce  the  possibility  of  nonlinear  detector  sensitivity  extra¬ 
polations,  the  concentration  of  each  standard  in  the  mix  was  proportional  to 
that  found  in  JP-4. 

Duality  assurance  procedures  consisted  of  checks  on  extraction 
efficiency,  interfering  peaks  and  spiked  recoveries.  Fifty  tubes  of  uncontami¬ 
nated  sediment  (5  mts  of  slurry  sample  per  tube)  from  the  pond  were  kept 
frozen  until  use  at  the  appropriate  sampling  time.  For  each  set  of  jet  fuel- 
containing  sediment  samples  taken  from  tho  field  for  analysis,  two  tubes  of 
uncontami nated  sediment  were  thawed.  One  tube  was  extracted  as  described 
above  and  the  extracts  were  checked  for  gas  chromatographic  background  peaks 
which  mioht  interfere  with  the  hydrocarbon  analysis.  None  were  found  in  any 
of  the  samples.  The  second  tube  was  spiked  with  50  ut  of  jet  fuel,  shaken 
in  a  screw-cap  test  tube  for  1  hour  and  then  extracted  and  analyzed  as  above. 
Extraction  efficiencies  for  total  hydrocarbon  concentration  were  generally 
oreater  than  °0  percent;  efficiencies  for  individual  hydrocarbons  were  better 
(>  °5  percent)  for  the  hiqher  molecular  weight  alkanes  and  these  were  used  as 
a  quaoe  for  extraction  efficiency.  Larqer  variability  (_+  ]5  percent)  in 
extraction  of  the  lower  molecular  weight  hydrocarbons  was  probably  due  to  tho 
volatility  of  those  components  during  sample  handling. 


likewise,  50  jet  fuel -contami  na  ted  sediment  samples  (5  inLs  of 
slurry  sample  per  tube)  were  frozen  at  the  beginnino  of  the  experiments.  During 


each  analysis  of  samples  from  the  field,  replicate  tubes  of  the  contaminated 
sediment,  were  thawed  and  extracted  as  above.  Recoveries  were  as  good  as  the 
spiked  sediment  samples,  indicating  that  long-term  [2  months)  contact  of  the 
jet  fuel  with  sediment  did  not  reduce  extraction  efficiency.  Variation  in 
total  hydrocarbon  concentrations  from  replicate  sample  extractions  was  less 
than  -»  15  percent;  ratios  of  hydrocarbons  to  tetradecane  concentrations  were 
always  within  +  5  percent. 

Duplicate  samples  were  periodically  taken  from  the  sediment  bed  in 
the  field  and  from  the  plexiglass  trays.  Considerable  variations  in  concen¬ 
tration  were  observed  as  expected  because  of  the  patchiness  in  juet  fuel  distri¬ 
bution.  The  sample  with  the  highest  tetradecane  and/or  pentadecane  concen¬ 
trations  was  used.  Where  only  single  samples  were  taken,  if  the  tetradecane 
concentration  was  below  10  percent  of  the  calibration  standard,  the  samples 
were  discarded. 

5.  Quantitation  of  hydrocarbon  disappearance 

Disappearance  of  hydrocarbons  in  the  jet  fuel  was  determined  by 
examining  the  ratio  between  the  concentration  of  any  hydrocarbon  of  interest 
with  the  concentration  of  another  hydrocarbon  in  the  jet  fuel  which  was  known 
to  disappear  very  slowly,  or  not  at  all  (i.e.,  a  conservative  tracer)  over  the 
time  course  of  the  experiment.  This  method  is  commonly  used  for  assessing 
the  fate  of  hydrocarbons  in  natural  samples  (References  7,  25,  32,  33);  for 
example,  ratios  have  been  developed  with  the  branched  hydrocarbons,  pristane 
and  phytane,  since  they  are  some  of  the  slowest  to  biodegrade,  volatilize  or 
disappear  by  dissolution  in  the  environment  (Reference  25,  7).  Tetradecane 
was  selected  as  the  conservative  tracer  for  jet  fuel  because  in  laboratory 
tests  this  hydrocarbon  was  consistently  one  of  the  slowest  to  disappear, 
either  through  volatility  or  biodegradation  relative  to  the  other  hydrocarbons. 
By  using  the  ratioing  method,  the  amount  of  jet  fuel  sampled  was  not  critical, 
as  long  as  enough  jet  fuel  was  present  for  gas  chromatographic  analysis. 

Based  on  the  quality  assurance  procedures  described  in  the  methods 
section,  we  established  that  hydrocarbon  ratios  below  10  percent  of  the 
standard  were  generally  not  clearly  different  from  zero,  although  when 
a  particular  hydrocarbon  continued  to  show  a  slight  gas  chromatographic 
peak  at  each  sampling  time,  small  amounts  of  hydrocarbon  appeared  to  remain 
in  the  sample.  Differences  in  hydrocarbon  ratios  that  were  not  greater  than 
+_  10  percent  were  considered  as  unchanged. 

0.  PESULTS 

1.  Dosing 

Upon  addition  of  the  contaminated  sediment  to  the  pond,  a  laroe  amount 
of  jet  fuel  rose  to  the  water  surface,  shown  by  an  obvious  oily  sheen.  Vuch 
of  the  fuel  on  the  water  surface  evaporated  within  1-2  hours  after  dosinn, 
while  most  of  the  fuel  odor  associated  with  the  dosing  also  disappeared,  fen- 
centrations  of  hydrocarbons  in  the  water  column  of  the  pond  following  dosing 
were  below  detection  limits  in  1  liter  samples.  A  small  amount  of  fuel 
remained  around  the  animal  cages  used  for  the  toxicity  study.  Small  sheens  of 
fuel  continued  to  migrate  from  the  cages  for  several  hears. 


Suspended  sediment  in  the  pond  following  dosing  ouickly  settled  out. 
Indigenous  fish  and  crabs  showed  no  overt  signs  of  stress  as  a  result  of  thp 
dosing. 

?.  Trends  in  hydrocarbon  disappearance 

Actual  concentrations  of  33  selected  hydrocarbons  measured  in  sedi¬ 
ment  samples  taken  from  the  bottle  tests,  the  plexiglass  trays,  and  the  field 
are  given  in  Appendix  B.  Sampling  times  were  adjusted  to  prevent  backlog  of 
samples.  Tetradecane,  the  selected  conservative  tracer,  was  present  in  all 
samples  and  was  one  of  the  slowest  to  disappear.  Thus,  the  concentration 
over  time  of  all  other  hydrocarbons  was  measured  relative  to  the  concentrat¬ 
ion  of  tetradecane.  Tables  of  ratio  values  with  tetradecane  for  all  33 
hydrocarbons  analyzed  are  also  given  in  Appendix  B.  Values  are  expressed  as 
percent  of  standard  :  i.e.,  the  ratio  of  any  hydrocarbon  to  tetradecane  in 
fuel -contami nated  sediment  before  it  was  used  for  dosing  (the  standard)  was 
set  to  inn  percent. 

Figures  F  through  fl  show  the  change  in  hydrocarbon  ratios  over  time 
in  the  shallow  water  (Site  B)  and  deep  conditions  (Site  C),  respectively  for 
samples  from  the  bottle  tests  (sterile  and  active),  plexiglass  trays,  and 
pond  sediment.  Data  points  at  t  =  0  are  based  on  analyses  of  the  fuel- 
contaminated  sediment  before  its  addition  to  the  test  systems.  A  rapid 
initial  disappearance  of  the  hydrocarbons  relative  to  tetradecane  was  observed 
in  all  samples.  We  believe  this  initial  loss  was  due  largely  to  volatilization 
and  dissolution  of  the  hydrocarbons  during  addition  of  the  fuel -contaminated 
sediments  to  the  bottles,  plexiglass  trays  and  the  pond.  Initial  decrease  in 
the  ratios  was  generally  much  less  in  the  pond  sediment  samples.  To  compare 
hydrocarbon  losses  in  the  various  test  systems,  only  decreases  in  the  ratios 
beginning  after  Day  2  were  generally  considered.  The  following  summarizes 
the  general  trends  observed  in  the  data. 

a.  ^ottle  Tests 

Data  from  the  bottle  tests  are  the  only  information  that  can  be  used 
to  assess  the  quantitative  aspects  of  disappearance  (sampling  was  precise  and 
consistent)  and  the  actual  contribution  of  biodegradation  (differences  in 
sterile  and  active  systems). 

Hydrocarbon  di sappearance  was  generally  smooth  and  steady:  i.e., 
variability  in  sampling  and  analysis  was  quite  low;  repeated  analysis  of 
frozen  samples  of  contaminated  sediment  gave  consistent  (less  than  4  ]0 
percent  variation)  recovery.  In  many  cases,  hydrocarbon  ratios  in  samples 
from  sterile  bottles  increased  with  time  rather  than  the  expected  lack  of 
channe  or  decrease.  If  hydrocarbons  become  more  completely  sorbed  with  time 
into  the  sediment  matrix  (diffusion  into  the  interstitial  space  of  the  organic 
matter  on  the  sediment  surfaces),  as  we  have  observed  in  other  experiments, 
their  tendency  to  be  lost  by  volatilization  during  sample  workup  will  be 
reduced;  i.e.,  extraction  efficiency  will  appear  to  increase.  This  may 
account  for  the  increase  in  hydrocarbon  ratios  in  sterile  bottles  over  time. 

The  higher  molecular  weight  hydrocarbons,  which  are  less  volatile,  would 
consequently  ho  less  affected  by  the  sample  workup  and  sorption,  and  ratios 
with  these  hydrocarbons  showed  less  of  a  tendency  to  increase  with  time. 
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Figure  9. 


Change  in  Concentration  Ratio  (Expressed  as  Percent  of  Standard) 
of  Ethylbenzene  to  Tetradecane  in  Samples  Taken  from  the  Shallow 
Water  Systems. 
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1.  Change  in  Concentration  Ratio  (Expressed  as  Percent  of  Standard) 
of  o-Xylene  to  Tetradecane  in  Samples  Taken  from  the  Shallow 
Water  Systems. 
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Figure  16.  Change  in  Concentration  Ratio  (Expressed  as  Percent  of  Standard) 

of  1,3,5-Trimethylbenzene  to  Tetradecane  in  Samples  Taken  from  the 
Shallow  Water  Systems. 
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Figure  17.  Change  in  Concentration  Ratio  (Expressed  as  Percent  of  Standard) 
of  Indan  to  Tetradecane  in  Samples  Taken  from  the  Shallow  Water 
Systems. 
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gure  19.  Change  in  Concentration  Ratio  (Expressed  as  Percent  of  Standard) 
of  Cyclohexane  to  letradecane  in  Samples  Taken  from  the  Shallow 
Water  Systems. 
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figure  21.  Change  in  Concentration  Ratio  (Expressed  as  Percent  of  Standard) 
of  Ethyl  cyclohexane  to  Tetradecane  in  Samples  Taken  from  the 
Shallow  Water  Systems. 
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Figure  23.  Change  in  Concentration  Ratio  (Expressed  as  Percent  of  Standard) 
of  3-Methyl  heptane  to  Tetradecane  in  Samples  Taken  from  the 
Shallow  Water  Systems. 
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Figure  2 4.  Change  in  Concentration  Ratio  (Expressed  as  Percent  of  Standard) 
of  2-Methyl  heptane  to  Tetradecane  in  Samples  Taken  from  the 
Shallow  Water  Systems. 
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Chaoye  ip  Concentration  katio  (expressed  as  Percent  of  Standard) 
of  Heptane  to  Tetradecane  in  Samples  Taken  from  the  Shallow  Wate 
Systems . 
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Figure  29.  Change  in  Concentration  Ratio  (Expressed  as  Percent  of  Standard) 
of  Octane  to  Tetradecane  in  Samples  Taken  from  the  Shallow  Water 
Systems. 
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33.  Change  in  Concentration  Ratio  (Expressed  as  Percent  of  Standard) 

of  Dodecane  to  l**tradecane  in  Samples  Taken  from  the  Shallow  Water 
Systems. 
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Figure  34. 


Change  in  Concentration  Ratio  {Expressed  as  Percent  of  Standard) 
of  Tridecane  to  Tetradecane  in  Samples  Taken  from  the  Shallow  Water 
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jure  35.  Change  in  Concentration  Ratio  (Expressed  as  Percent  of  Standard) 

of  Methyl  benzene  to  Tetradecane  in  Samples  Taken  from  the  Deep  Water 
Systems. 
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Figure  36.  Change  in  Concentration  Ratio  (Expressed  as  Percent  of  Standard) 

of  Ethylbenzene  to  Tetradecane  in  Samples  Taken  from  the  Deep  Water 
Systems. 
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Figure  38.  Change  ir.  Concentration  Ratio  (Expressed  as  Percent  of  Standard) 
of  o-Xylene  to  Tetradecane  in  Samples  Taken  from  the  Deep  Water 
Systems. 
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Figure  44.  Change  in  Concentration  Ratio  (Expressed  as  Percent  of  Standard) 
of  Indan  to  Tetradecane  in  Samples  Taken  from  the  Deep  Water 
Systems. 
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Figure  51.  Change  in  Concentration  Ratio  (Expressed  as  Percent  of  Standard) 
of  2-Methyl  heptane  to  Tetradecane  in  Samples  Taken  from  the  Deep 
Water  Systems. 
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gure  S3. 


Change  in  Concentration  Ratio  (Expressed  as  Percent  of  Standard) 
of  2 ,4-Dimethyl  hexane  to  Tetradecane  in  Samples  Taken  from  the  Deep 
Wate*-  Systems. 
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,  ^thyl hexane  to  Tetradecane  in  Samples  Taken  from  the  Deep 
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Figure  57.  Change  In  Concentration  Ratio  (Expressed  as  Percent  of  Standard) 
of  Nonane  to  Tetradecane  In  Samples  Taken  from  the  Deep  Water 
Systems. 


gure  58.  Change  in  Concentration  Ratio  (Expressed  as  Percent  of  Standard) 
of  Decane  to  Tetradecane  in  Samples  Taken  from  the  Deep  Water 
Systems. 
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A  summary  of  hydrocarbon  prrs i s t one p  in  the  hot  lip  test  is  shown  in 
t  a  r.  1  *  1.  The  majority  of  the  hydroc  arhons  rapidly  disa;, eared  (ratios  dropped 

below  1C  percent  of  the  standard  within  e  days)  from  the  hottles.  Decreases  in 
ratios  for  methyl  and  ethyl  benzene  were  unusual  in  that  one  samplinq  with  each 
h  yd  r  re  a  "bon  showed  a  ratio  above  10  percent  following  initial  drop  below  10 
percent.  Because  each  sampling  period  represents  the  analysis  of  a  complete 
bottle,  these  di sc repanc ies  may  have  been  the  result  of  unintentionally  incubat¬ 
ing  a  bottle  in  a  sliqhtly  different  manner  (e.o.,  less  -'xposure  to  room  air 
•intents)  from  the  others.  The  variability  does  not  detract  from  the  results 
which  s  iow  that  these  hydrocarbons  are  not  persistent. 

Naphthalene,  i'ulai,  1  ,  1 ,  c -t  r  im<  thyl  benzene  (  If'1)  and  the  normal  alkanes 
(nonane - through -t»  idee ane  )  were  the  most  persistent  hyd* .  'Carbons  in  the  bottles 
texts,  with  ethyl -eye  lohexane.  3-mothylhexane,  octane  <v  nonane  beinq  somewhat 
intermediate,  depending  or,  the  experimental  conditions  ii.e.,deep  site  simula¬ 
tion,  nonsterile  conditions). 

ft  i  I'deurada  t  i  on  was  apparent  t  ui  all  of  the  normal  aHanes  except  possi- 
1  lv  possibly  tridecane.  for  several  of  tee  hydrocarbons  { 1 , ?, f -TMR ,  indan, 
naphthalene,  ?-and  T-methylheptane- ,  3-p-ethyl  hexane  and  tridecane)  larqe  differ¬ 
ent  ex  in  ratios  between  sterile  and  active  systems  ocoered  toward  the  end  of 
t he  incubation  period,  suoqestino  the  possible  onset  of  biodegradation. 

Although  ratio  values  are  quite  low,  there  was  also  some  indication 
mat  losses  of  several  hydrocarbons  (heptane,  octane,  nonane,  p-xylene,  1,?,5- 
),?,.’-Tk'P,  ?-and  3-methyl  heptane  ,  3-methyl  hexane  ,  md  ethycycl  ohexane )  were 
lower  in  the  deep  water  test  bottles  than  in  the  shallow  water  test  bottles. 

c.  field  samples 

A  summary  of  the  persistence  of  hydrocarbons  in  the-  field  samples  is 
shown  m  Tahir  ?.  In  general,  hydrocarbon  disappearance  was  quite  apparent 
despite  some  variability  from  one  samplinq  period  to  another.  Although  attempts 
had  been  made  to  standardize  our  sampling  procedures  as  much  as  possible,  there 
was  no  way  to  guarantee  that  uncontaminated  sediments  would  not  dilute  out  the 
contaminated  sediments  durinq  any  particular  samplinq  and  thus,  give  very  low 
' -'-'.armr  concentrations.  This  samplinq  problem  was  probably  responsible  for 
the  frequently  observed  increase  in  hydrocarbon  concentration  over  two  successive 
s amp 1 i rg  periods.  Because  this  variability  could  not  tie  controlled,  we  generally 
'  .  fer  overall  qualitative  trends  and  asked  whether  a  hydrocarbon  was 

either  present  or  absent.  The  detection  of  any  hydrocarbon  in  a  sample  seemed 
important  since  cur  extractions  of  uncentami nated  sediment  continually  showed  the 
absence  of  any  peaks  on  the  qas  chromatograph  which  might  cochroma togreph  with 
the  hydrocarbon  in  question  and  give  a  false  positive. 

Some  of  the  aromatic  hydrocarbons,  the  dimethyl  alkanes  and  the  cyclo¬ 
hexanes  did  not  persist  beyond  5-7  days.  Of  the  toxic  aromatic  hydrocarbons,  the 
the  trimethyl  benzenes,  some  of  the  dimethyl  benzenes  (xylenes)  and  naphthalene 
all  persisted  for  ID  days  or  more  and  in  several  cases  were  still  detectable  at 
the  end  of  the  experimental  period. 

The  normal  alkanes  were  the  most  persistent  hydrocarbons,  with  undecane, 
dodecane, and  tridecane  showing  essentially  no  losses  over  the  incubation  period. 


TABLE  1.  PERSISTENCE  (RATIO  VALUE  GREATER  THAN  10  PERCENT  OF  THE  VALUE  IN 
STANDARD)  OF  SPECIFIC  HYDROCARBONS  IN  JP-4-C0NT AMI NATED  SEDIMENTS 
USED  IN  BOTTLE  TESTS. 

Day  When  Ratio  Value  Decreased  Below  10*  of  Standard 
AROMATICS  5  10  IS  20  >20 

methyl  benzene3  x 

ethy  1  hen;ene<i  x 

Isopropylbenzene  x 

o-xylene  * 

p-xylene  x 

m-xytene  x 

1 .2 .3- TMB^  x 

1.2.4- TMB  x 

1 .3.5- TMB  x 
indan 

naphthalene  t 

CYCLIC  ALKANES 

cyclohexane  x 

methyl  cyclohexane  x 

ethylcydohexane  x'S)c  K(0)r 

dimethyl  eye lohexanes  x 

BRANCHED  ALKANES 

3  methylhexane  x(S)  x(D) 

3  methyl  heptane  x 

2  methyl  heptane  x 

dimethyl  heptanes 


X 


TABLE  1.  PERSISTENCE  (RATIO  VALUE  GREATER  THAN  10  PERCENT  OF  THE  VALUE  IN 
STANDARD)  OF  SPECIFIC  HYDROCARBONS  IN  JP-4-C0NTAMINATED  SEDIMENTS 


USED  IN  BOTTLE  TESTS  (CONCLUDED). 

Day  When  Ratio  Value  Decreased  Below  10%  of  Standard 


NORMAL  ALKANES 

5 

10 

15 

20 

>  20 

heptane 

X 

octane 

x(S) 

x(D) 

nonane 

a(S) 

x(D) 

decane 

X 

undecane 

X 

dodecane 

X 

tridecane 

X 

a  data  variable 
b  TMB ,  trimethyl  benzene 

c  S,  bottle  simulating  shal’ow  water  condition;  D,  bottle  simulating  deep  water 
condition 
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The  monosuhstituted  alkanes  were  also  mi i t e  persistent,  as  was  ethylcyclohexane. 


Many  of  the  hydrocarbons  (£-xylene,  1,3,5-TMP,  naphthalene,  the  mono- 
substituted  alkanes,  heptane,  octane,  nonane  and  ethylcyclohexane)  showed  con¬ 
siderably  greater  persistence  at  the  deep  water  site  than  at  the  shallow  water 
site.  Site  differences  in  persistence  for  decane,  undecane,  dodecane,  and  tride¬ 
cane  were  not  apparent  due  to  their  slow  rates  of  disappearance.  Most  of  the 
other  hydrocarbons  were  likewise  lost  too  rapidly  to  detect  differences  according 
to  site. 


c.  Plexiglass  Trays 

Data  from  the  tray  experiments  were  erratic  and  difficult  to  associate 
with  a  particular  trend.  In  general,  however,  most  of  the  jet  fuel  hydrocarbons 
associated  with  the  sediment  in  the  trays  were  detectable  at  low  concentrations 
(bordering  on  the  limits  of  detection)  up  until  the  end  of  the  incubation  period. 
The  erratic  results  could  have  been  caused  by  unavoidable  inconsistencies  in 
sampling;  that  is,  the  samplinq  procedure  probably  caused  the  sediment  to  redis¬ 
tribute  unevenly  in  the  trays-  In  fact,  actual  concentrations  of  both  the 
volatile  and  nonvolatile  hydrocarbons  varied  considerably  from  one  samplinq  to 
another  suggesting  the  problems  in  samplinq  rather  than  problems  in  sample 
handling  which  could  cause  loss  of  just  the  volatile  hydrocarbons. 

However,  despite  these  inconsistencies,  it  would  appear  t r  a t  ru  st  of 
the  hydrocarbons  persisted  at  low  concentrations  in  the  trays  tor  considerable 
periods;  i.e.,  their  mere  presence  at  any  sampling  period  suggested  thev  were 
slow  to  degrade  or  volatilize.  Hydrocarbon  concentrations,  in  many  cases,  dropped 
below  10  percent  within  5  days.  Only  ethylcyclohexane,  all  normal  alkanes 
(expect  heptane),  2-methylheptane  heptane,  1,3,5-TMR  and  naphthalene  were  found 
consistently  above  10  percent  throughout  most  of  the  incubation  period.  Several 
of  the  aromatic  hydrocarbons  (ethylbenzene,  isopropylbenzene,  o-xylene,  p-xylene, 
m-xylene  1,2,3-TMB,  1,2,4-Tf'B,  indan)  were  generally  found  above  10  percent  for 
about  15  to  20  days,  particularly  in  the  trays  kept  in  the  deep  water  site.  In 
addition,  cyclohexane,  dimethylcyclobexane,  the  dimethyl  heptanes ,  isopropyl¬ 
benzene,  o-xylene,  and  1,2,3-TMB,  all  hydrocarbons  which  showed  very  rapid  loss 
in  the  field  sites  and  in  the  bottle  tests,  seemed  to  persist  longer  in  the 
trays. 

d.  Toxicity 

Toxicity  tests  with  mysid  shrimp,  blue  crabs,  and  minnows  were  con¬ 
ducted  in  the  field  during  the  dosing.  Failure  of  contrr 1  animals  to  survive, 
however,  invalidated  test  results  and  no  conclusions  about  toxicity  of  the 
JP-4  could  be  derived. 


n.  niscuss ion 

1.  Jet  Fuel  Hydrocarbon  Fate 

The  results  of  our  field  study  strongly  suggest  that  if  jet  fuel  becomes 
extensively  mixed  with  natural  sediment,  many  of  the  hydrocarbons  contained 
therein  will  persist  in  the  field,  some  for  as  lonq  as  20  days  or  more.  Similar 
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3-methylheptane 
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2-methyl  heptane 
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dimethylheptanes 


VALUE  IN 
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of  Standarj 
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TABLE  2.  PERSISTENCE  (RATIO  VALUE  GREATER  THAN  10  PERCENT  OF  THE  VALUE  IN 
STANOARO)  OF  SPECIFIC  HYDROCARBONS  IN  JP-4-C0NTAMINATED  SEDIMENTS 


USED  IN  THE  FIELD  STUDY  (CONCLUDED). 


Day  When  Ratio  Value  Decreases  Below  10%  of  Standard 
<10  10  15 _  20  >20  No  decrease 

x(S)  x(D) 

x(S)  x(D) 
x 

x 

X 

X 

X 

a  data  variable 
b  TM8,  trimethyl  benzene 

c  S,  shallow  water  site;  D,  deep  water  site 


NORMAL  ALKANES 

heptane 

octane 

nonane 

decane 

undecane 

dodecane 

tridecane 


observations  have  been  made  by  Hanes  and  Atlas  (Reference  20).  They  showed 
very  little  loss  of  hydrocarbons,  including  the  more  volatile  components,  from 
oi 1 -contami nated  sediment  placed  in  plexiglass  trays  on  the  sediment  in  Beaufort 
Sea,  Alaska.  Despite  the  inherent  problems  of  sampling  the  contaminated  sedi¬ 
ment  at  the  field  site,  of  dilution  with  uncontaminated  sediments  and  of  the 
necessity  to  measure  chanqes  in  hydrocarbons  concentrations  by  ratiocination 
to  a  conservative  tracer  (tetradecane) ,  we  believe  the  mere  detection  of  these 
hydrocarbons  in  samples  taken  during  the  experimental  period  signifies  per¬ 
sistence,  since  there  is  no  other  obvious  source  of  hydrocarbons.  We  detected 
no  hydrocarbons  in  surface  slicks  or  the  water  column  at  any  time  during  the 
study,  so  it  is  unlikely  these  sources  were  causing  recontamination  of  sediment 
by  mixing  within  the  pond  or  during  sampling  of  the  sediment.  Uncontaminated 
sediments  showed  no  peaks  in  the  gas  chromatographic  analysis  which  might  have 
been  misconstrued  as  hydrocarbon  peaks.  Also,  all  sampling  equipment  and 
analytical  glassware  were  thoroughly  cleaned  to  prevent  any  cross-contamination 
of  the  environmental  samples. 

The  observed  persistence  was  probably  the  result  of  reduced  volatility 
and  lack  of  biodegradation.  The  lack  of  biodegradation  can  best  be  illustrated 
with  the  normal  alkane,  decane.  In  both  deep  and  shallow  water  bottle  tests, 
it  was  clear  that  faster  biodegradation  of  decane  relative  to  tetradecane  was 
occurring,  as  evidenced  by  large  differences  in  the  ratios  in  sterile  and  non- 
sterile  systems.  In  fact,  examination  of  the  actual  hydrocarbon  concentrations 
shows  that  both  decane  and  tetradecane  were  degrading.  In  the  field  samples, 
however,  decane  to  tetradecane  ratios  changed  very  little  over  time;  examination 
of  the  actual  concentrations  of  the  hydrocarbons  showed  that  it  was  not  because 
both  were  degrading  at  equal  ratios  but  it  was  because  both  hydrocarbons  con¬ 
centrations  were  relatively  stable.  Thus,  biodegradation  did  not  appear  to  be 
occurring  in  the  field  samples. 

Oxygen  limitation  may  have  been  responsible  for  this  result;  in  fact, 
slightly  greater  loss  of  decane  relative  to  tetradecane  may  have  occurred  in 
the  shallow  water  site  than  in  the  deep  water  site.  Based  on  our  monitoring, 
we  would  expect  more  dissolved  oxygen  in  the  shallow  water  site.  However,  in 
the  deep  water  bottle  test,  where  dissolved  oxygen  concentrations  were  purpose¬ 
fully  reduced  by  sparging  the  water  with  gas  prior  to  test  initiation, 
biodegradation  of  decane  was  evident.  Thus,  if  oxygen  was  limiting  biodegra¬ 
dation  in  the  field,  it  was  probably  occurring  at  the  sediment  water  interface. 
Limitation  of  biodegradation  by  available  nitrogen  and  phosphorous  concentrations 
sterns  unlikely  in  the  field  since  the  same  water  showed  biodegradation  of 
certain  hydrocarbons  (e.g.,  decane)  in  the  bottle  tests. 

Similar  conclusions  could  also  be  drawn  by  examining  most  of  the  other 
normal  alkanes.  The  only  other  hydrocarbons  to  show  possible  biodegradation  in 
the  shallow  water  (1,2,5-TMB,  indan,  naphthalene)  and  deep  water  (naphthalene, 
methylhexane  and  the  methyl  heptanes )  bottle  tests,  all  eventually  disappeared 
in  the  field  samples.  Whether  this  was  due  to  biodegradation  could  not  be 
ascertained. 

For  those  hydrocarbons  which  slowly  disappeared  in  the  field  samples, 
it  is  difficult  to  delineate  whether  it  was  due  to  evaporation,  biodegradation 
or  dilution  into  the  organic  matrix  of  the  sediment.  Literature  information 
supports  the  idea  that,  if  t.he  alkanes  do  not  dearade,  then  many  of  the 


other  hydrocarbons  will  also  not  degrade.  Biodegradation  might  be  eliminated 
as  a  posssibility  because  of  the  persistence  of  the  n-alkanes  in  the  field  sample. 
Dilution  into  the  organic  matrix  of  the  sediment  was  probably  occurring  to  some 
extent,  since  it  would  appear  that  low  concentrations  of  residual  hydrocarbons 
in  the' plexiglass  trays  did  not  eventually  disappear.  This  could  have  been 
caused  by  the  tray  bottom  preventing  contact  with,  and  dilution  into,  uncontami¬ 
nated  sediment. 

Since  many  of  the  hydrocarbons  in  the  field  samples  persisted  longer 
at  the  deep  water  site  than  in  the  shallow  water  site,  it  is  tempting  to  conclude 
that  the  greater  water  depth  slowed  losses  to  volatilization.  Dilution  into  the 
organic  matrix  of  uncontaminated  sediment  would  not  be  expected  to  be  affected 
by  site  differences  (assuming  equal  distribution  of  organ  carbon  from  site 

to  site),  thus,  this  loss  mechanism  can  be  down  played.  Biodegradation,  as  we 
indicated  above,  would  probably  not  account  for  these  differences,  volatilization 
would  appear  to  be  the  principal  loss  mechanism.  Results  from  the  bottle  tests 
and  the  trays  tend  to  support  this  conclusion;  i.e.,  volatility  appeared  to  be 
slightly  less  where  larger  volumes  of  water  covered  the  contaminated  sediment. 

Results  from  the  bottle  tests  and  the  plexiglass  trays  were  not  good 
predictors  of  events  in  the  field.  Bottle  test  data  suggested  that  tTve  majority 
of  the  hydrocarbons  monitored  in  the  jet  fuel  should  evaporate  within  a  few 
days.  This  was  obviously  not  the  case  in  the  field,  as  seen  by  comparing  Tables 
1  and  2.  On  the  other  hand,  bottles  test  data  did  suggest  that  1,3,5-TMB,  indan, 
naphthalene,  and  the  higher  molecular  weight  normal  alkanes  would  evaporate 
slowly;  these  hydrocarbons,  in  fact,  were  also  some  of  the  slowest  to  disappear 
in  the  field  samples.  As  we  indicated  above,  the  bottle  tests  further  showed  a 
potential  for  biodegradation  of  certain  hydrocarbons,  but  a  similar  response 
could  not  be  seen  in  the  field  samples.  More  rapid  loss  of  hydrocarbons  in  the 
shallow  water  site  of  the  pond,  as  we  compared  with  the  deep  water  site,  was  quite 
pronounced  with  some  hydrocarbons.  The  bottle  test  results  would  not  have 
clearly  predicted  this  result.  Although  slight  differences  in  the  volatility  of 
certain  hydrocarbons  were  noted  in  shallow  water  and  deep  water  bottle  tests,  it 
was  apparent  that  larger  bottles,  which  would  allow  greater  water  volumes  to  cover 
the  contaminated  sediment,  are  needed  to  properly  simulate  the  deep  water  effect 
in  the  field. 

Results  from  the  plexiglass  trays  suggested  that  low  concentrations  of 
certain  hydrocarbons  should  persist  for  greater  than  20  days;  clearly  these  hydro¬ 
carbons  dropped  below  detectable  limits  in  considerably  less  time  in  the  field. 

If  we  assume  volatility  of  the  jet  fuel  hydrocarbons  was  equally  probable  from 
sediments  in  the  pond  and  sediments  in  the  plexiglass  trays,  then  the  long-term 
persistence  of  hydrocarbons  in  the  trays  probably  reflected  the  isolation  of 
contaminated  sediments  from  uncontaminated  sediments.  Without  prior  knowledge 
of  the  importance  of  this  limitation,  however,  estimates  of  hydrocarbon  persist¬ 
ence  from  tray  studies  alone  would  be  contradictory  to  actual  events  in  the 
field.  However,  the  tray  data  did  suggest  a  lack  of  biodegradation  (i.e., 
decane  ratios  with  tetradecane  remained  relatively  constant)  and  a  greater  loss 
of  some  hydrocarbons  from  the  shallow  water  sites,  both  observations  which  are 
typical  of  the  field  data. 


SECTION  III 


MISSILE  FUEL  STUDIES 


A.  BACKGROUND 

The  active  development  of  air-,  sea-,  and  ground-launched  missile 
systems  has  become  one  of  the  primary  strategic  and  tactical  weapons  programs  of 
the  U.S.  Air  Force  and  U.S.  Navy.  A  new  era  of  fuel  technology  evolved  when  the 
Navy  selected  a  specifically  synthesized  liquid  hydrocarbon  fuel,  called  RJ-5,  tc 
be  used  in  the  Talos  missile  {Reference  42).  Since  that  time,  the  Air  Force  and 
Navy  have  continued  to  develop  synthetic  fuels  for  either  turbine-  or  ram-jet 
powered  missiles.  The  primary  fuel  evolved  by  the  Air  Force  and  Navy  high-energy 
missile  fuel  technology  was  JP-9,  a  unique  blend  of  liquid  hydrocarbons  which 
had  the  necessary  high  volatility,  low  freeze  point,  and  high  density.  Missile 
fuels  are  composed  of  unique  bridged-ring  hydrocarbon  structures  containing  high 
carbon-to-hydrogen  ratios  (Figure  62).  Norbornane  (bicyclo  [2.2.1]  heptane)  is  a 
basic  part  of  each  molecule,  but  is  never,  itself,  present  in  their  production  or 
composition.  These  dienes  are  formed  by  the  Diehls-Alder  cycloaddition  reaction 
(References  42  and  43).  The  diene  constituents  of  RJ-5  and  JP-9  are  the  norbor- 
nadiene  and  cyclopentadiene  dimers,  respectively.  RJ-5,  a  completely  synthetic 
fuel,  is  a  mixture  of  three  hexacyclic  dihydro-di-(norbornadiene)  components  whose 
composition  is  shown  in  Table  3.  JP-9  is  a  more  volatile  mixture,  composed  of 
cyclopentadiene  and  norbornadiene  dimers  along  with  several  minor  hydrocarbon 
components  (Table  3)  to  increase  the  volatility  and  lower  viscosity.  The  physical 
properties  of  these  fuels  are  compared  in  Table  4.  Both  JP-9  and  RJ-5  sorb  to 
organic  sediment  more  than  petroleum-derived  fuels  such  as  JP-4  (reference  2). 

With  increased  usage,  the  potential  for  spillage  and  accidental  release 
into  the  environment  also  increases.  To  predict  the  envi ronmental  impact  of 
missile  fuels,  information  on  the  fate  of  their  constituent  compounds  as  determined 
by  solubility,  volatility,  sediment  sorption  and  biodegradation  must  be  obtained. 

Little  information  is  currently  available  on  the  potential  envi ronmental 
impact  of  the  missile  fuels  in  the  environment.  It  was,  therefore,  important  to 
study  and  assess  the  fate  and  toxicity  of  the  fuels  in  aquatic  systems.  We  under¬ 
took  an  examination  of  the  fate  and  effects  of  missile  fuels  RJ-5  and  JP-9  in 
aquatic  environments  using  standard  laboratory  test  procedures.  The  goal  of  this 
research  was  to  determine  the  potential  for  missile  fuel  biodegradation  in  aquatic 
systems  and  the  possibility  of  toxicity  to  microbial  populations  and  aquatic 
invertebrates. 


B.  METHODS 

1.  Sampling 

Water  and  sediment  samples  were  collected  at  three  sites  near  Pensacola, 
Florida;  Bayou  Chico,  Escambia  River,  and  Range  Point  Salt  Marsh  (Figure  2).  The 
locations  were  selected  to  provide  a  range  of  salinities  as  well  as  a  comparison 
between  pristine  and  developed  areas.  Bayou  Chico  is  located  on  the  northern 
shore  of  Pensacola  Bay  in  an  industrial  area,  salinity  ranges  from  12  to  20  parts 
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Figure  62.  Structure  of  Norbornadiene  (A)  and  Cyclopentadiene  (B)  Dimers. 
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TABLE  3.  MAJOR  COMPONENTS  OF  RJ-5  AND  JP-9a 


RJ-5 

Dehydro-Hexacyclic  endo-endo-di hydrod i (norbornadiene) 
Hexacycl ic  exo-endo-dihydrodi (norbornadiene) 

Hexacycl ic  endo-endo-di hydrod i (norbornadiene) 

JP-9 

N-Heptane 
Methyl  cyclohexane 
2, 5-Dimethyl  hexane 
Toluene 

exo-Tet rahydrodi ( cycl opentadi ene) 
endo-Tetrahydrodi (cycl  opentadi  ene) 
endo,  endo-Dihydrodi (norbornadiene) 

a  Data  taken  from  Smith  et  al .  (Reference  43) 


Percent  by 
Weight 

1.12 

2.03 

96.32 

1.0 

7.1 

0.8 

0.6 

66.8 

1.5 

20.1 
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TABLE  4.  TYPICAL  PROPERTIES  OF  MISSILE  AND  AIRCRAFT  FUELS* 
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per  thousand,  with  hydrocarbon  input  from  nearby  industry  and  marinas.  The 
Escambia  River  site  is  0  miles  upstream  from  the  mouth  of  the  Escambia  River, 
north  of  local  industry.  Salinity  is  zero  and  the  surrounding  area  is  largely 
undeveloped.  Range  Point  Salt  Marsh  is  located  on  the  north  side  of  Santa  Rosa 
Island,  approximately  3  miles  east  of  the  Bob  Sikes  Bridge.  Salinity  varies 
from  10  to  20  parts  per  thousand  and  the  area  is  nearly  pristine. 

Water  was  collected  from  each  site  by  dip  sampling  with  a  clean  glass 
bottle,  transported  to  the  laboratory,  filtered  through  a  3-micron  membrane 
filter,  and  stirred  overnight  at  room  temperature.  The  top  3  to  5  cm  of  sedi¬ 
ment  and  associated  detritus  were  collected  at  each  site  along  with  overlying 
water.  The  suspension  was  passed  through  a  2  mm  screen,  and  particles  of  sand 
were  allowed  to  settle.  The  resultant  organic  sediment  slurry  was  decanted  and 
stirred  overnight  at  room  temperature. 

2.  Fate  Tests 

Quiescent  fate  tests  consisted  of  sets  of  four  test  flasks: 

(1)  Active  Water  (AW)  contained  filtered  water  from  the  sampling  site;  (?) 
Sterile  Water  (SW)  contained  filtered  water  sterilized  with  0.3  percent  HgCl2; 
(3)  Active  Sediment  (AS)  contained  sediment  (5-10  g/i  dry  weioht)  and  filtered 
water;  (4)  Sterile  Sediment  (SS)  contained  sediment,  0.3  percent  Hg  Cl2,  and 
filtered  water  from  the  test  site.  Quiescent  tests  were  performed  in  150  mt 
milk  dilution  bottles;  duplicate  bottles  were  prepared  for  each  sample  time. 

The  final  volume  of  liquid  in  each  bottle  was  25  m£.  The  missile  fuel  (10  vt) 
was  added  to  the  surface  of  the  water  in  each  bottle  with  a  Drummond  micro¬ 
dispenser,  and  the  bottles  were  capped  and  shaken  in  a  horizontal  position  for 
10  minutes  at  150  rpm  to  encourage  initial  sediment-fuel  interaction.  The  caps 
were  then  removed  and  the  bottles  incubated  as  previously  described  for  the  jet 
fuel  studies  (Reference  2).  An  additional  set  of  active  and  control  bottles, 
used  to  monitor  microbial  populations  and  detect  contamination  of  environmental 
samples,  was  prepared  in  the  same  manner.  No  hydrocarbons  were  added  to  the 
control  bottles.  After  incubation,  the  total  contents  of  each  bottle  were 
extracted  with  10  ml  of  CS2  that  contained  hexadecane  as  an  internal  standard. 
The  extracts  were  placed  in  glass  vials,  sealed  with  silicone  septa,  and  stored 
at  -4  degrees  centigrade  until  analyzed. 

3.  Chemical  Analysis 

Analysis  was  carried  out  by  high-resolution  capillary  chromatography 
using  a  Hewlett  Packard  5730  gas  chromatograph  equipped  with  flame  ionization 
detector  and  cryogenic  unit.  The  column  was  coated  to  a  thickness  of  1.0  urn 
with  methyl  silicone  bonded  phase  (Scientific  Class  Engineering  BP-1).  Data 
integration  and  storage  was  performed  by  an  HP3357  computer  with  Lab  Automation 
System  (IAS)  capabilities.  Inlet  and  detector  temperatures  were  250  degrees 
centigrade.  Hydrogen  was  used  as  the  carrier  gas  and  nitrogen  was  used  as  make¬ 
up.  Column  flow  was  1  L/minute.  All  samples  were  injected  splitless. 

The  temperature  program  for  RJ-5  began  at  °0  degrees  centigrade  and  increased  4 
degrees  centigrade/minute  to  220  degrees  centigrade.  The  fnmperature  for  JP-9 
began  at  25  degrees  centigrade  with  a  4-minute  isothermal  nolo  and  increased  4 
decrees  centigrade/minute  to  200  degrees  centigrade. 


Statistical  analyses  of  the  data  were  performed  using  standard  programs 
for  means  and  standard  deviations  and  simple  linear  regression.  Regression 
analyses  were  performed  on  the  semi  log  transformations  of  the  concentration  data. 

4.  Microbiology 

Heterotrophic  bacteria  were  enumerated  by  a  standard  five-tube  most 
probable  number  (MPN)  technique  (Reference  44).  The  enumeration  medium  contained 
1  gram  of  yeast  extract  and  5  g  Bacto-Peptone  (DIFCO)  per  liter.  The  pH  was 
adjusted  to  7.6  before  autoclaving.  Salinity  values  were  matched  to  those  at 
each  sampling  site  with  an  aged  sea  salts  solution.  Each  MPN  tube  was  inoculated 
with  1.0  m£  of  an  environmental  sample.  Tubes  were  incubated  at  25  degrees  centi¬ 
grade  temperature  and  examined  for  turbidity  after  2  weeks. 

Hydrocarbonoclastic  bacteria  were  enumerated  by  a  five-tube  ^C-MPN  tech¬ 
nique  similar  to  that  described  by  Lehmicke  et  al.  (Reference  45).  The  enumer¬ 
ation  medium  was  a  minimal  salts  broth  (MSB)  (K^HPO^,  700  mg;  MgS04*H20,  11  2  mg; 
ZnSO/),  5  mg;  NaMgSO^* 2HpO,  2  mg;  CaCl2,  14  mq ;  NH4C1  ,  500  mg;  one  liter  HpO), 
adjusted  to  pH  7.6  and  to  the  proper  salinity  with  NaCL.  One  mL  samples  of  the 
basal  medium  were  dispensed  into  4  mt  Omnivials®  (Wheaton  Scientific).  The 
vials  were  capped,  sterilized  by  autoclaving,  and  stored  at  5  degrees  centigrade 
until  used.  The  substrate  was  n-fl-^Cl-hexadecane  (Amersham,  Incorp.)  with  a 
specific  activity  of  235  uCi  per  mg.  The  hexadecane  was  diluted  in  hexane  to  a 
concentration  of  P.25  ug/mt  and  5.0  ufc  were  transferred  aseptically  to  sterile 
Sensi  Discs®  in  a  sterile  petri  dish.  The  hexane  carrier  was  allowed  to  evapor¬ 
ate  for  10  minutes,  and  the  discs  were  distributed  into  the  separate  vials  of 
MSB.  The  Sensi  Discs®  sank  to  the  bottom  of  the  vials,  minimizing  the  volatili¬ 
zation  of  hexadecane  from  the  medium.  The  substrate  remained  associated  with 
the  disc  where  it  was  available  for  degradation.  This  procedure  resulted  in  a 
substrate  concentration  of  41  ug/fc  and  20,000  dpm  per  vial.  Each  vial  was 
inoculated  with  0.1  mt  of  serial  dilutions  of  a  sample,  and  was  incubated,  with¬ 
out  a  cap,  inside  a  tightly  capped  glass  scintillation  vial  which  contained  1  m£ 
of  1  N  NaOH  (Figure  63).  After  incubation  for  2  weeks  the  Omnivials®  were 
removed,  scintillation  cocktail  was  added  to  the  NaOH,  and  the  radioactivity  was 
measured  by  liquid  scintillation  counting  in  a  liquid  scintillation  counter. 

Any  vial  that  exceeded  the  background  average  by  1  percent  or  more  of  the  total 
available  counts  was  scored  as  positive. 

5.  Toxicity  Assays 

The  bacteriostatic  effect  of  RJ-5  was  determined  by  measuring  microbial 
activity  in  the  presence  of  various  concentrations  of  RJ-5. 

Four  exposure  concentrations  were  tested  (Control,  50  mg/t,  500  mg /t, 

5000  mg/t,  at  four  times  (4  hours,  24  hours,  48  hours,  72  hours).  RJ-5  was 
dissolved  in  hexane  and  added  to  1-1  iter  flasks.  The  hexane  was  evaporated,  and 
1  liter  of  water  and  500  mg  sediment  were  added  to  each  flask.  The  suspensions 
in  the  flasks  were  then  homogenized  with  a  polytron  (Brinkman  Inst.  Co.)  at  full 
speed  for  l  minute  to  emulsify  the  fuel.  Control  flasks  received  no  fuel  and  were 
treated  in  the  same  manner  as  the  exposed  flasks.  Triplicate  flasks  were  prepared 
at  each  concentration.  The  fuel,  sediment,  and  water  mixtures  were  then  transferred 
to  2- liter  Erlenmeyer  flasks  and  placed  on  a  rotary  incubator  at  25°C  and  100  rpm. 

At  each  exposure  time,  flasks  were  removed  from  the  shaker,  stirred  on  a  magnetic 
stir  plate,  and  sampled  in  ^  mfc  triplicates  for  measurement  of  activity.  An 
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Figure  63.  Enumeration  of  Hydrocarbon  Degrading  Microorganisms,  a)  Replicate 
Vials  Received  ^C-Hexadecane  Sorbed  onto  Sterile  Filter  Discs,  and 
0.1  mLof  Diluted  Samples,  b)  Cultures  were  Incubated  in  Capped 
Scintillation  Vials  Containing  1  m*  of  IN  NaOH  for  2  weeks. 
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Figure  64.  Fate  of  endo 


_  Tetrahydrodi  (Cyclopentadiene)  of  JP-9  in  Sediment  and 

Water  from  Range  Point.  Samples  were  Collected  11  October,  1983; 


Salinity  was  21  Percent;  Sediment  Concentration  in  Experimental 
Bottles  was  6.5  gram  (Dry  Weight)/liter.  Data  Shown  are  Means  of 
Duplicate  Analyses;  Variation  of  Replicates  was  Less  Than  10  Percent 
of  Mean  Values 
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Figure  65. 


Fate  of  exo-  Tetrahydrodi  (Cyclopentadiene)  of  JP-9  in  Sediment  and 
Water  from  Range  Point.  Samples  were  Collected  11  October,  1983; 
Salinity  was  21  Percent;  Sediment  Concentration  in  Experimental 
Bottles  was  6.5  gram  (Dry  Wei ght )/l iter.  Data  Shown  are  Means  of 
Duplicate  Analyses;  Variation  of  Replicates  was  Less  Than  10  Percent 
of  Mean  values. 
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Figure  66.  Fate  of  endo, endo-  Dihydrodi  (Norbornadiene)  of  DP-9  in  S 
Water  from  Range  Point.  Samples  were  Collected  11  Octobe 
Salinity  was  21  Percent;  Sediment  Concentration  in  Experi 
Bottles  was  6.6  gram  (Dry  Weight)/liter.  Data  Shown  are 
Duplicate  Analyses;  Variation  of  Replicates  was  Less  Than 
of  Mean  Values. 


additional  sample  was  taken  for  microbial  enumeration  bv  acridine  orange  direct 
count  (AODC). 

Microbial  activity  was  estimated  by  measuring  olucose  mineralization. 
Each  5  mt  sample  was  placed  in  a  25  m£  flask  with  20  ug  of  l^C-labeled  glucose/*. 
(Amersham  Co.)  incubated  on  a  bench-top  gyro  rotary  shaker  at  125  rpm  for  4-hours 
At  the  end  of  the  incubation  period  the  medium  was  acidified  to  pH  3  and  evolved 
C02  was  trapped  on  filter  paper  saturated  with  ION  NaOH.  The  amount  of  *x02 
trapped  on  the  filter  was  quantitated  by  liquid  scintillation  counting  and  was 
used  to  determine  the  amount  of  glucose  mineralized  by  the  microbial  community. 

Toxicity  to  Mysidopsis  bahia  was  measured  in  a  standard  96-hour  static 
test.  Emulsions  of  tTi'e  fuel  were  prepared  as  described  above,  except  that  sedi¬ 
ment  was  omitted  and  samples  were  homogenized  for  3  minutes.  Mysids  used  in 
the  tests  were  48  to  72  hours  old  and  were  provided  by  Richard  Montgomery, 
University  of  West  Florida.  LC-50  values  were  calculated  by  the  Probit  Method. 


C.  RESULTS 
1.  JP-9 

When  JP-9  was  incubated  with  water  from  Range  Point  salt  marsh,  the 
fuel  remained  on  the  surface  and  the  lighter  components  (n-heptane,  methylcyclo- 
hexane,  toluene  and  2,5-dimethyl  hexane)  volatilized  within  5  hours  (See  Appendix 
C).  Inclusion  of  sediment  in  the  test  system  slowed  the  volatilization  of  methyl 
cyclohexane  and  caused  it  to  persist  for  60  hours.  There  were  no  discernible 
differences  between  the  active  and  sterile  systems. 

The  high-density  synthetic  compounds  disappeared  more  slowly  (Figures 
64  through  66  and  Appendix  C)  because  of  their  lower  vapor  pressures.  The  cyclo- 
pentadiene  dimers  were  more  volatile  from  water  than  the  norbornadiene 
dimers.  The  endo  dimers  of  cyclopentadiene  were  detectable  in  the  water  only 
at  the  initial  sample  time,  while  the  exo  dimers  persisted  for  24  hours.  Endo, 
endo-dihydrodi (norbornadiene)  volatilized  more  slowly  from  water  and  was  stTTT 
detectable  after  120  hours.  No  appreciable  losses  of  high-density  components 
occurred  from  test  systems  that  contained  sediment.  Sorption  to  sediment 
essentially  precluded  volatilization  of  both  the  norbornadiene  dimers  and  the 
more  volatile  cyclopentadiene  dimers.  The  results  were  identical  in  sterile 
controls,  indicating  that  the  sorption  and  volatilization  processes  were  not 
confounded  by  biotic  factors. 

Results  were  similar  when  the  experiment  was  repeated  with  sediment 
and  water  samples  from  the  Fscambia  River  (see  Appendix  C).  Fxcept  for  methyl- 
cyclohexane,  the  lighter  components  volatilized  from  water  within  8  hours,  but 
persisted  for  24  hours  in  systems  that  contained  sediment.  Methylcyclohexane 
remained  detectable  in  sediment  throughout  the  120-hour  test.  Cyclopentadiene 
dimers  volatilized  from  water  within  24  hours,  whereas  the  norbornadiene  dimer 
remained  at  a  detectable,  but  nreatly  reduced  concentration,  through  120  hours. 
The  high-density  dimers  did  not  disappear  from  test  systems  tnat  contained  sedi¬ 
ment. 


RJ-5  sank  to  the  bottom  of  the  water  and  sediment  samples  with  no 
detectable  biodegradation  or  volatilization  of  the  norbornadiene  dimers  after 
1400-hour  incubation  (Figure  67  through  69;  Appendix  C).  Data  shown  are  for 
samples  from  Range  Point;  results  were  identical  with  samples  from  Escambia 
River  incubated  for  2000  hours  (see  Appendix  C). 

3.  Toxicity 

Comparison  of  microbial  population  densities  (Figure  70)  in  RJ-5 
treated  samples,  with  those  in  controls,  indicated  that  RJ-5  was  not  toxic  to 
the  bacteria  in  the  biodegradation  test.  Indeed,  RJ-5  seemed  to  stimulate 
microbial  populations,  possibly  because  the  traces  of  lighter  hydrocarbon  com¬ 
ponents  served  as  sources  of  carbon  and  energy  for  the  microorganisms.  Similar 
results  were  obtained  with  JP-9. 

The  effects  of  RJ-5  emulsions  on  microbial  activity  were  assessed  by 
measurement  of  glucose  mineralization  (Figure  71).  RJ-5  initially  inhibited 
the  heterotrophi c  activity  of  microbial  communities.  After  24  hours,  the  activity 
returned  to  control  levels  or  above  in  suspensions  with  50  or  500  mg  RJ-5  oer 
liter.  Activity  remained  depressed  in  suspensions  treated  with  5000  mg/>  . 

Because  RJ-5  settles  to  the  bottom  of  aquatic  systems,  experiments  were 
designed  to  test  its  toxicity  to  the  benthic  invertebrate  Mysidopsis  bahia. 
Sediment  was  not  included  in  the  experimental  systems  because  it  would  have 
made  it  difficult  to  count  the  mysids.  The  96-hour  LC-50  for  fuel  emulsified 
in  water  was  88ugA  (Table  5).  Most  of  the  mortality  occurred  within  the  first 
24  hours  of  the  test  which  suggests  that  traces  of  volatile  compounds  might  have 
been  responsible  for  the  toxicity.  Alternatively,  the  fuel-water  emulsion  may 
have  separated  during  the  prolonged  incubation  period  and  lessened  the  contact 
of  the  mysids  with  the  fuel. 

D.  DISCUSSION 

The  differences  in  density  between  RJ-5  and  JP-9  seem  to  determine 
the  differences  in  their  fate  in  aquatic  systems.  Volatilization  of  the  com¬ 
ponents  from  JP-9  was  much  faster  than  from  RJ-5  because  JP-9  floats  on  the 
surface  of  the  water.  The  difference  was  particularly  notable  with  endo-endo- 
dihydrodi (norbornadiene) ,  which  was  present  in  both  fuels;  it  volatilized  from 
JP-9  mixtures  within  a  few  days,  yet  remained  for  much  longer  periods  in  RJ-5. 
Sorption  to  the  sediment  greatly  reduced  the  volatilization  of  both  fuels.  The 
norbornadiene  dimers  have  a  higher  affinity  for  sediment  than  the  cyclopentadiene 
dimers  (Reference  46),  but  both  types  of  compounds  resisted  weathering  in  the 
presence  of  sediment. 

The  structural  features  of  the  high-density  synthetic  molecules  make 
them  very  resistant  to  microbial  attack.  Preliminary  work  by  MacIntyre  et  al . 
(Reference  46)  has  suggested  that  some  of  the  norbornadiene  dimers  can  be 
biologically  transformed  by  the  insertion  of  an  oxygen  atom,  but  we  did  not 
detect  such  transformations. 
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Figure  67.  Fate  of  endo.endo-  Uihydrodi  (Norbornadiene)  of  RJ-5  in  Sediment  and 

Water  from  Range  Point.  Samples  were  Collected  6  April,  1983;  Sediment 
Concentration  in  Experimental  Bottles  was  4.7  grains  (Dry  Weight)/! iter. 
Data  Shown  are  means  of  Duplicate  Analyses;  Variation  Between  Replicates 
was  Less  Than  10  Percent  of  Mean  Values. 
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Figure  68.  Fate  of  exo.endo-  Dihydrodi  (Norbornadiene)  of  RJ-5  in  Sediment  and 

Water  from  Range  Point.  Samples  were  Collected  6  April,  1983;  Sediment 
Concentration  in  Experimental  Bottles  was  4.7  grams  (Dry  Wei ght)/l iter. 
Data  Shown  are  means  of  Duplicate  Analyses;  Variation  Between  Replicates 
was  Less  Than  10  Percent  of  Mean  Values. 
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Figure  69. 


Fate  of  Dehydro-  endo.endo-  Dihydrodi  (Norbornadiene)  of  RJ-5  in 
Sediment  and  Water  from  Range  Point.  Samples  were  Collected  6  April, 
1983;  Sediment  Concentration  in  Experimental  Bottles  was  4.7  grams  (Dry 
Weight)/liter.  Data  Shown  are  means  of  Duplicate  Analyses;  Variation 
Between  Replicates  was  Less  Than  10  Percent  of  Mean  Values. 
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Figure  70.  Effects  on  RJ-5  on  Microbial  Community  Size  in  Water  from  Range 

Point.  Water  was  Incubated  with  RJ-5  at  a  Concentration  of  400  ug/liter 
as  Described  in  Methods.  Samples  were  Removed  at  Appropriate  Intervals 
and  Bacteria  were  Enumerated  by  Measurements  of  MPN  in  Nutrient  Broth. 
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Figure  71.  Effects  of  RJ-b  on  Microbial  Activity.  Glucose  Mineralization  was 
Measured  in  Range  Point  Sediment  and  Water  Samples  after  Treatment 
with  Various  Concentrations  of  RJ-b  as  Described  in  Methods. 


TABLE  5.  TOXICITY  OF  RJ-5  TO  MYSIDOPSIS  BAHIA 


Concentration  (ug/e) 

Percent  Mortality  (96h) 

Control 

15 

62 

30 

96 

70 

148 

80 

227 

100 

349 

100 

L C50a  87.6  +  16.7  ug/t 

a  srobit  analysis  with  Abbott's  correction  for  control  mortality  (N=20) 
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The  fuels  were  not  toxic  to  mi croorgani sms  at  low  to  moderate  concen¬ 
trations  but  RJ-5  was  toxic  to  mysid  shrimp.  The  LC-50  values  observed  in  this 
study  were  similar  to  those  reported  by  Jenkins  et  al .  (Reference  47)  for  flagfish 
and  rainbow  trout.  Because  the  high-density  components  of  the  fuels  are  essentially 
insoluble  in  water,  the  figures  given  for  nominal  concentrations  in  the  microbial 
toxicity  tests  should  be  considered  to  reflect  fuel-water  ratios,  rather  than 
concentrations.  The  lower  concentrations  in  the  mysid  toxicity  tests  are  closer 
to  the  solubility  of  the  fuel  components. 

The  reca lei  trance  of  RJ-5  to  microbial  aegradaf  ion,  affinity  for  sediment, 
density,  j'wj  toxicity  to  aquatic  macrobiota  suggest  that  a  large-scale  spill  of 
the  fuel  could  present  major  envi momenta  1  problems.  Jr-9  appears  to  be  much 
less  of  a  potential  problem  in  trie  aquatic  environment  than  RJ-5  because  of  its 
'  ’ y  •  ‘  vapor  pressure  and  lower  density. 


SECTION  IV 


CONCLUSIONS  AND  RECOMMENDATIONS 


A.  CONCLUSIONS 

The  following  conclusions  are  presented,  based  on  laboratory  and  field 
research  over  the  past  year. 

1.  If  jet  fuel  is  spilled  on  the  surface  of  a  quiescent  body  of  water,  it 
will  rapidly  volatilize  into  the  atmosphere.  Very  little,  of  the  hydrocarbons 
will  dissolve  into  the  water  column  and  persist  therein.  Based  on  observations 
during  the  field  study,  jet  fuel  that  had  reached  the  water  surface  during  dosing 
rapidly  evaporated.  In  addition,  sampling  and  extraction  of  large  water  volumes 
and  gas  chromatographic  analysis  of  the  extracts  indicated  no  hydrocarbons  in  the 
water  2  days  following  the  dosing. 

2.  Mechanical  mixing  of  the  jet  fuel  hydrocarbons  within  the  water  column  is 
required  before  hydrocarbons  will  be  retained  and  detected  therein.  This  was 
concluded  largely  from  our  previous  quiescent  bottle  tests;  initial  shaking  of 

the  fuel  oil  with  the  water  for  1  hour  before  incubation  under  quiescent  conditions 
resulted  in  detectable  concentrations  of  hydrocarbons  in  the  water.  These  hydro¬ 
carbon  concentrations  then  decreased  steadily  by  volatilization  over  time,  reach¬ 
ing  undetectable  levels  in  approximately  2-18  days,  depending  on  water  source 
and  the  hydrocarbon.  Unfortunately ,  this  mixing  step  could  not  be  accommodated 
in  the  field  study,  therefore,  field  validation  of  these  results  was  not  possible. 

3.  Dosing  of  the  field  site  with  jet  fuel -contami nated  sediments  proved  to 
be  both  practical  and  efficient  for  examining  the  fate  of  hydrocarbons  in  sedi¬ 
ments.  Our  method  modeled  an  extreme  situation;  i.e.,  extensive  mechanical 
mixing  of  spilled  fuel  with  water  and  suspended  sediments.  Roth  the  laboratory 
and  field  experiments  showed  this  situation  will  result  in  long-term  (greater 
than  30  days)  association  of  hydrocarbons  with  sediments. 


4.  Volatilization  of  sediment-sorbed  hydrocarbons  was  slow  after  the  con¬ 
taminated  sediments  had  settled  to  the  bottom  of  the  associated  pond  or  water 
body.  Concentrations  of  many  of  the  hydrocarbons  associated  with  the  sediments 
slowly  decreased,  with  detectable  concentrations  remaining  for  15  to  20  days. 
Greater  depth  of  the  water  column  and  possible  reduced  oxygen  conditions  increased 
the  persistence. 

5.  Dilution  of  sediment-sorbed  hydrocarbons  into  the  organic  matrix  of 
surrounding  uncontaminated  sediments  probably  occurred.  This  conclusion  is  based 
on  the  observation  that  concentrations  of  most  hydrocarbons  associated  with 
unconfined  sediments  (i.e.,  not  in  field  trays)  fell  below  detection  limits  in 
the  field  despite  the  apparent  absence  of  volatility  and  biodegradation.  Only 
the  high  molecular  weight  n-alkanes  were  an  exception,  they  were  consistently 
found  in  all  sediment  samples  during  the  entire  experimental  period.  In  addition, 
concentrations  of  the  methylsubstituted  alkanes,  ethylcyclohexane,  p-xylene  and 

1 ,3,5-trimethylbenzene  did  not  substantially  decrease  at  the  deeper  more  anaerobic 
site. 


6.  Biodegradation  was  not  a  major  factor  in  the  loss  of  hydrocarbons  from 
sediments  in  our  test  pond  as  several  hydrocarbons  which  readily  biodegraded  in 
the  bottle  tests,  did  not  disappear  at  the  field  site.  Possibly,  this  was  the 
result  of  a  more,  anaerobic,  environment  associated  with  the  sediment  bed  in  the 
field,  a  condition  which  is  known  to  reduce  biodegradation  rates. 

1,  Tne  information  produced  from  the  quiescent  bottle  tests,  as  they  have 
been  used  in  this  project  to  study  the  fate  of  JP-4  in  sediments,  accurately 
forecast  events  in  the  field  in  some  instances  but  disagreed  with  results  from 
the  field  in  other  cases.  For  example,  most  of  the  hydrocarbons  that  persisted 
in  the  bottle  tests  also  persisted  in  the  field.  However,  most  of  the  hydrocar¬ 
bons  that-  appeared  to  be  biodegraded  in  the  bottle  tests  did  not  disappear 
from  the  plexiglass  trays  and  were  slow  to  disappear  in  the  field  samples.  In 
addition,  many  of  the  hydrocarbons  that  rapidly  volatilized  from  the  sediments  in 
the  bottle  tests,  were  much  slower  to  volatilize  from  sediments  in  the  field. 

These  differences  were  probably  due  to  physical  limitations  of  the  bottle  test 
inadequately  represent i ng  the  volume  of  water  over  the  sediment  in  the  field. 

3.  dP-y  and  RJ-S  missile  fueis  were  not  biodegradable.  Because  of  its 
higher  density,  k]~5  will  persist  if  spilled  in  aquatic  systems.  These  fuels, 
particularly  RJ  [>  could  be  toxic  to  marine  animals. 

B.  RECOMMENBAT IONS 

1.  Assessments  of  jet  fuel  fate  in  aquatic  systems  should  be  carefully 
considered,  particularly  where  suspended  sediments  may  he  involved. 

?.  Biodegradation  potential  should  be  carefully  examined  in  laboratory  and 
field  tests.  Experiments  should  be  conducted  in  the  laboratory  under  conditions 
in  which  degradation  results  are  not  confounded  by  volati lization.  Biodegradation 
products  of  individual  hydrocarbons  should  be  determined  to  provide  a  more  defini¬ 
tive  method  for  assessing  biodegradation  in  the  laboratory  and  in  the  field. 

3.  The  role  of  sediments  in  stimulating  or  suppressing  biodegradation  in 
aquatic  systems  should  be  more  thoroughly  studied, 

4.  More  information  is  needed  on  the  biodegradation  of  the  water-soluble 
fractions  of  the  jet  fuels.  This  fraction,  because  of  the  solubility  of  the 
associated  aromatic  hydrocarbons,  is  most  likely  to  move  from  the  sediments  into 
the  water  column.  The  persistence  of  some  of  these  toxic  aromatic  hydrocarbons 
in  the  sediments,  as  opserved  in  the  field  study,  may  mean  that  biodegradation  in 

.'.at-'-r  co’u.mr  is  one  of  the  few  mechanisms  for  eventual  elimination  of  the 
-  not  r»at  i  on . 

o .  Adaptation  of  microbial  communities  to  faster  biodegradat ion  of  hydro¬ 
carbons  should  he  examined  in  field  and  laboratory  systems  since  this  may  reveal 
a  community  response  that  is  not  reflected  in  the  initital  di sappearance  of 
parent  compound. 

6.  The  plexiglass  tr  iys,  which  were  used  ’ n  our  study  to  conduct  field  experi- 
iments  on  the  environmental  significance  of  laboratory  data,  should  be  further 
developed  as  a  test  method.  This  should  include  additional  field  validation  studies 
improvements  m  s.-psplioo  techniques,  the  possible  use  of  sterilized  sediments  to 
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single  out  events  due  to  biodegradation,  and  optimization  of  tray  design  relative 
to  water  exchange  with  the  sediment  surface  and  anaerobic  conditions  in  the 
sediment.  Addition  of  a  conservative  tracer,  such  as  the  hydrocarbon  pristane 
(very  slow  to  biodegrade  or  volatilize),  to  the  jet  fuel  should  be  tested  as  a 
means  of  improving  quantitative  chemical  analysis  of  field  samples 
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APPENDIX  A 


DATA  TABLES  AND  FIGURES  FOR 
FIELD  SITE  CHARACTERIZATION 


SSSWWS 


TABLE  A-l.  SALINITY  MEASUREMENTS  (PARTS  PER  THOUSAND)  AT  FIELD  SITE 


DATE 

B 

C-SURFACE 

C-MIDDLE 

C-BOTTOM 

4-26 

NDb 

10 

10 

10 

5-1 

ND 

ND 

ND 

8 

5-7 

ND 

18 

19 

20 

5-10 

ND 

18 

18 

18 

5-16 

17 

ND 

17 

ND 

5-18 

15 

16 

17 

17 

5-21 

17 

16 

17 

19 

6-25 

15 

15 

17 

19 

6-3 

DOSING 

6-11 

15 

16 

18 

20 

6-18 

20 

20 

21 

22 

6-25 

18 

18 

20 

21 

7-10 

14 

14 

20 

20 

7-17 

16 

17 

22 

22 

a  Samples  taken  at  SITE  C  were 
(MIDDLE)  and  350  cm  (ROTTOM: 
water  surface. 

approximately  15  cm  (SURFACE),  175  cm 
SEDIMENT  WATER  INTERFACE)  below  the 

b  ND,  not 

determi ned. 

no 


TABLE  A-2.  DISSOLVED  OXYGEN  MEASUREMENTS  (mg/z)  AT  THE  FIELD  SITE 


DATE 

B 

C-SURFACE 

C-MIDDLE 

C-BOTTOM 

5-1 

ND 

7.9 

13 

.4 

5-4 

ND 

6.4 

5.0 

3.5 

5-7 

ND 

6.0 

5.5 

1.1 

5-9 

ND 

7.1 

6.3 

1.2 

5-10 

7.4 

7,3 

6.6 

1.5 

5-14 

6.5 

6.2 

1.2 

.8 

5-16 

7.5 

7.5 

NDb 

ND 

5-18 

ND 

5.9 

3.3 

2.8 

5-21 

4.6 

4.5 

2.3 

1.8 

5-25 

5.2 

5.1 

2.9 

.7 

6-1 

6.7 

6.7 

5.8 

5.1 

6-3 

DOSING 

6-5 

5.7 

5.6 

4.0 

2.1 

6-6 

6.2 

5.9 

4.9 

1.0 

6-8 

6.9 

7.1 

5.2 

.8 

6-11 

4.2 

4.9 

2.4 

2.8 

6-14 

6.7 

7.2 

5.5 

.7 

6-18 

5.6 

5.5 

5.0 

4.9 

6-25 

5.1 

5.3 

2.4 

1.1 

7-2 

6.1 

6.0 

4.9 

2.6 

7-10 

5.3 

4.9 

.4 

.2 

7-12 

5.0 

5.0 

4.2 

4.3 

a  Samples  taken  at  Site  C,  were  approximately  15  cm  (SURFACE),  175  cm 
(MIDDLE)  and  350  cm  (ROTTOM:  SEDIMENT-WATER  INTERFACE)  below  the 
water  surface. 
b  ND,  not  determined. 
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TABLE  A-3.  MEASURED  VALUES  OF  pH  AT  THE  FIELD  SITE 

Sites3 


Date 

B 

C 

4-26 

7.5 

7.5 

4-27 

7.2 

7.4 

5-1 

7.0 

7.1 

5-7 

7.6 

7.6 

5-9 

7.6 

7.6 

6-3 

DOSING 

6-5 

7.1 

6.9 

6-6 

6.9 

7.1 

6-7 

7.3 

7.2 

6-8 

6.7 

7.0 

6-11 

6.6 

6.8 

6-14 

7.2 

6.6 

6-18 

8.4 

7.9 

6-25 

6.4 

6.8 

3  All  samples  taken  approximately  15  cm  below  water 
surface. 
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TABLE  A-4.  MEASUREMENTS  OF  TEMPERATURE  (°C)  AT  FIELD  SITE 


a 


SITES3 


A* 

DATE 

B 

C-SURFACE 

C-MIDDLE 

C-BOTTOM 

1 

•A 

5-4 

NDb 

26.0 

25.0 

25.0 

5-7 

ND 

29.5 

28.8 

28.5 

1 

5-9 

NO 

25.0 

23.0 

23.0 

i 

5-10 

25.0 

28.0 

24.0 

24.0 

5-14 

33.0 

31.0 

28.0 

28.0 

I 

5-16 

30.0 

30.0 

26.0 

26.0 

5-18 

- 

25.0 

25.0 

25.0 

■  ■ 

5-21 

28.0 

28.0 

27.0 

27.0 

£ 

5-25 

29.0 

29.0 

29.0 

29.0 

£ 

6-1 

29.0 

28.0 

24.0 

24.0 

3 

6-3 

6-5 

32.0 

DOSING 

33.0 

27.0 

27.0 

l 

6-6 

29.0 

29.0 

27.0 

28.0 

v! 

6-7 

33.0 

34.0 

33.0 

28.0 

v 

'V 

6-8 

34.0 

34.0 

29.0 

20.0 

6-1 1 

31.0 

33.0 

29.0 

29.0 

t' 

6-14 

29.0 

30.0 

27.0 

29.0 

6-18 

30.0 

30.0 

30.0 

30.0 

6-25 

30.0 

30.0 

31.0 

32.0 

S 

ji 

7-2 

30.0 

29.0 

31.0 

32.0 

7-10 


36.0 


36.0 


33.0 


33.0 


Rhodomlne  WT  Concentrations  at  Site  C  In  the  Test  Pond 
at  Approximately  15  cm  (Surface),  175  cm  (Middle),  and 
350  cm  (Bottom:  Sediment  Water  Interface  Below  the 
Water  Surface. 


FUEL  FIELD  STUDY) 


b 


w 

Aj 


TABLE  B-l.  ACTUAL  HYDROCARBON  CONCENTRATIONS  (mg /«,  OF  EXTRACT) a  IN  SAMPLES 
TAKEN  FROM  THE  SHALLOW  WATER  ACTIVE  BOTTLES  TESTS. 

DAYS 

1  2  4  8  17  29 


BENZENE 

2.6 

0 

0 

0 

0 

0 

CYCLOHEXANE 

0 

0 

0 

0 

0 

0 

2, 3-DIMETHYL PENTANE 

0 

0 

0 

0 

0 

0 

3-METHYLHEXANE 

0 

0 

0 

0 

0 

0 

HEPTANE 

6.9 

0 

0 

0 

0 

0 

METHYLCYCLOHEXANE 

0 

0 

0 

0 

0 

2, 5-DIMETHYL HEXANE 

0 

0 

0 

0 

0 

0 

2,4-D IMETHYLHEXANE 

0 

0 

0 

0 

0 

0 

METHYLBENZENE 

5. 8(5. 2) 

5. 2(0. 3) 

1.6 

6. 3(0. 3) 

2.28 

4. 1(3. 4) 

2-METHYLHEPTANF 

2. 0(0. 8) 

3. 2(2. 2) 

0 

0 

0 

3-METHYLHEPTANE 

2. 5(1.0) 

3. 2(1. 3) 

4.6 

2. 0(0.1) 

1.8(0. 5) 

0 

1 , 1 -DIMETHYL CYCLOHEXANE 

0 

0 

0 

0 

0 

0 

OCTANE 

5. 8(2. 4) 

6. 0(2. 7) 

4.9 

0 

0 

0 

ETHYLCYCLOHEXANE 

2. 1(0.9) 

2. 5(1.0) 

3.4 

1.5(0. 1) 

1.5(0. 1) 

0 

ETHYLBENZENE 

0 

0 

0 

0 

0 

0 

M-XYLENE 

1.16 

0 

0 

0 

0 

0 

P-XYLENE 

1.59 

1.2(0. 4) 

1.7 

0 

1. 1(0.2) 

0 

O-XYLENE 

0 

0 

0 

0 

0 

0 

NONANE 

11(4.3) 

11(3.5) 

9.7 

3.1 

2. 4(0. 4) 

0 

ISOPROPYLBENZENE  (CUMENE) 

0 

0 

0 

0 

0 

0 

1,3,5-TRIMETHYLRENZENE 

8. 5(1. 4) 

3. 7(1.0) 

4.3 

2. 6(0. 2) 

2. 9(0. 5) 

1.5 

1 ,2,4-TR  IMETHYLBENZENE 

11(1.1) 

9. 0(1. 7) 

11 

8. 9(0. 4) 

4. 6(5. 7) 

5.4 

5. 


TABLE  B-l.  ACTUAL  HYDROCARBON  CONCENTRATIONS  (mg/*  OF  EXTRACT) a  IN  SAMPLES 
TAKEN  FROM  THE  SHALLOW  WATER  ACTIVE  BOTTLES  TESTS  (CONCLUDED). 

DAYS 


1 

2 

4 

8 

17 

29 

DECANE 

15(2.6) 

20(3.5) 

20 

7. 3(1. 6) 

6. 3(1. 5) 

1.4 

1,2,3-TRIMETHYLBENZENE 

1.8 

0 

0 

0 

0 

0 

INDAN 

1. 3(0.1) 

1.2(0. 3) 

0 

0 

0 

0 

UNDECANE 

0 

0 

1.1 

1. 4(0.1) 

15(3.6) 

4. 5(2.9) 

NAPHTHALENE 

7. 9(1. 5) 

7. 9(0. 8) 

7.9 

4. 7(0.1) 

4. 8(0. 3) 

2. 2(0. 9) 

DODECANE 

46(5.5) 

51(2.9) 

49 

33(0.7) 

30(3.3) 

15(5.5) 

TRIDECANE 

30(3.0) 

46(3.3) 

42 

33(1.3) 

30(2.9) 

21(6.1) 

TETRADECANE 

21(1.3) 

26(1.3) 

23 

20(0.9) 

19(1.8) 

15(2.9) 

PENTADECANE 

6. 7(0. 4) 

80(0.4) 

7.1 

6. 2(0. 2) 

6. 1(0.6) 

5. 4(0.9) 

HEXADECANE 

0.7 

0. 6(0.1) 

0.5 

0. 6(0.1) 

1. 8(1.9) 

0.4 

a  Values  are  means  (+  the  standard  deviations).  Where  no  standard  deviation  is 
indicated,  n=l;  i.e.,  hydrocarbon  concentrations  in  the  other  samples  was  below 
detection  limits.  Only  one  bottle  was  analyzed  for  Day  4  samples. 

b  Zero  reflects  a  hydrocarbon  concentration  below  detection  limit,  either  because 
of  sample  size  or  actual  disappearance. 


TABLE  B-2.  ACTUAL  HYDROCARBON  CONCENTRATIONS  (mg/ a  OF  EXTRACT) a  IN  SAMPLES 
TAKEN  FROM  THE  SHALLOW  WATER  STERILE  BOTTLE  TESTS. 

DAYS 


1 

2 

4 

8 

17 

29 

BENZENE 

5. 6(0. 9) 

0 

0 

0 

0 

0 

CYCLOHEXANE 

0 

0 

0 

0 

0 

0 

2, 3-DIMETHYL PENTANE 

0 

0 

0 

0 

0 

0 

3-METHYLHEXANE 

0 

0 

0 

1.3 

0 

0 

HEPTANE 

0 

0 

8.9 

28 

38 

0 

METHYLCYCLOHEXANE 

0 

0 

0 

0 

0 

0 

2, 5-DIMETHYL HEXANE 

0 

0 

0 

0 

0 

0 

2, 4-DIMETHYL HEXANE 

0 

0 

0 

0 

0 

0 

METHYLBENZENE 

0 

5. 1(0.5) 

3.6(0. 1) 

4. 6(2. 2) 

2.4 

2. 7(0. 2) 

2-METHYLHEPTANE 

2.0 

1.8(0. 2) 

3. 1(1.1) 

9.4 

1.3 

1.1 

3-METHYLHEPTANE 

2. 1(0.7) 

2. 4(0. 3) 

2.9(1.6) 

6.6( 7 .2) 

1.9 

1.5 

1 , 1-D IMETHYL CYCLOHEXANE 

0 

0 

0 

0 

0 

0 

OCTANE 

4. 3(1. 6) 

4. 4(2.1) 

7.4(1.2) 

14(16) 

3.3(1) 

3. 0(0. 8) 

ETHYLCYCLOHEXANE 

1.8(0. 6) 

1.9(0. 2) 

2.9(1.0) 

7.9 

1.1 

ETHYLBENZENE 

0 

0 

0 

0.9 

0 

0 

M-XYLENE 

0 

0 

0 

0 

0 

0 

P-XYLENE 

0 

.95(0.1) 

1.6( 

3.4)  3.9 

0.93 

0.94 

O-XYLENE 

0 

47(0.5) 

48 

37 

1.8(2. 6) 

0 

NONANE 

8. 8(3. 4) 

8. 5(3. 4) 

13(0.4) 

23(22)  1 

9. 5(2.0) 

10(1.5) 

ISOPROPYLBENZENE  (CUMENE) 

0 

0 

0 

0 

0 

0 

1 ,3,5-TR IMETHYLRENZENE 

2. 8(1.1) 

2. 3(1.0) 

3. 9(0. 6) 

4. 9(4. 7)  ; 

2. 2(0. 3) 

2. 3(0. 3) 

1 ,2,4-TR IMETHYLBENZENE 

8. 9(0. 6) 

7. 2(0. 3) 

9. 5(0. 3) 

19 

4.7(5. 1) 

8.2(1.2) 

TABLE  B-2.  ACTUAL  HYDROCARBON  CONCENTRATIONS  (mg/*  OF  EXTRACT)3  IN  SAMPLES 
TAKEN  FROM  THE  SHALLOW  WATER  STERILE  BOTTLE  TESTS  (CONCLUDED) . 

DAYS 


1 

2 

4 

8 

17 

29 

DECANE 

18(5.9) 

17(6.2) 

22(6.3) 

32(27) 

18(1.8) 

20(1.9) 

1 ,2,3-TRIMETHYLBENZENE 

0 

0 

0 

0 

0 

0 

INDAN 

0 

.8( .06) 

1.1(0. 4) 

2.0 

1.2 

1.0 

UNDECANE 

34(8.3) 

32(12) 

38(17) 

52(37) 

34(30) 

36(2.1) 

NAPHTHALENE 

7. 7(1. 9) 

6.5(22) 

8. 0(2. 5) 

7. 8(5. 5) 

5. 6(0. 3) 

6.0(0. 7) 

DODECANE 

45(9.3) 

42(13) 

49(23) 

59(37) 

43(3.2) 

44(1.3) 

TRIDECANE 

39(9.0) 

36(12) 

41(19) 

49(29) 

41(2.5) 

39(0.1) 

TETRADECANE 

22(3.9) 

21(6.4) 

24(13) 

29(16) 

23.9(1.4) 

23.0(1.7) 

PENTADECANE 

7. 1(1. 3) 

7. 1(2. 2) 

7. 3(4.0) 

8. 9(5.1) 

7. 9(0.6) 

7. 2(0. 6) 

HEXADECANE 

.5(0.1) 

0. 7(0.1) 

.08 

0.9(0. 3) 

0.5 

0. 6(0.1) 

3  Values  are 
indicated. 

means  (+  the  standard  deviations).  Where  no 
n=l;  i.e.,  hydrocarbon  concentrations  in  the 

standard  deviation 
other  samples  was  1 

i  s 

below 

detection  limits. 

b  Zero  reflects  a  hydrocarbon  concentration  below  detection  limit,  either  because 
of  sample  size  or  actual  disappearance. 
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TABLE  B-3.  ACTUAL  HYDROCARBON  CONCENTRATIONS  (mg/e  OF  EXTRACT) a  IN  SAMPLES 
TAKEN  FROM  THE  DEEP  WATER  ACTIVE  BOTTLE  TESTS. 

DAYS 


2 

4 

8 

17 

29 

BENZENE 

11 

0 

0 

0 

0 

CYCLOHEXANE 

0 

0 

0 

0 

0 

2, 3-DIMETHYL  PENTANE 

0 

0 

0 

0 

0 

3-METHYLHEXANE 

0 

0 

0 

0 

0 

HEPTANE 

13(1.5) 

6. 8(3. 8) 

11 

0 

0 

METHYLCYCLOHEXANE 

1.8(0. 1) 

1.1( .02) 

1.3 

0 

0 

2,5-D  IMETHYL HEXANE 

0 

0 

0 

0 

0 

2 ,4-D  IMETHYL HEXANE 

0 

0 

0 

0 

0 

METHYLBENZENE 

1.5 

4. 1(0.7) 

4.6 

2.9(0 .5) 

2. 4(0. 2) 

2-METHYLHEPTANE 

14(1.1) 

4. 4(0. 7) 

6.4 

2.1 

3-METHYLHEPT  ANE 

6. 5(0. 5) 

5. 1(0.7) 

8.2 

3. 4(0. 7) 

2. 2(1. 3) 

1,1  — D  IMETHYL CYCLOHEXANE 

0 

0 

0 

0 

0 

OCTANE 

14(1.1) 

9. 8(1.0) 

10 

0 

0 

ETHYLCYCLOHEXANE 

4. 9(1.1) 

4. 5(0. 5) 

5.6 

3. 2(0. 6) 

2.3( 1.0) 

ETHYLBENZENE 

2. 2(0. 2) 

l.l(O.l) 

1.5 

1.0(0. 2) 

1.2 

M-XYLENE 

3. 9(0. 8) 

1.0(0. 3) 

1.0 

0 

0 

P-XYLENE 

3.(  ' 0. 1) 

2. 4(0. 3) 

3.0 

2. 1(0.3) 

1.5(0. 6) 

0- XYLENE 

1  .Q(0.3) 

0 

0 

0 

0 

NONANE 

21(2.0) 

18(2.5) 

18 

4. 1(1.1) 

1.9(0. 7) 

ISOPROPYLBENZENE  (CUMENE) 

0 

0 

0 

0 

U 

1,3,5-TRIMETHYLBENZENE 

7. 5(0. 2) 

6. 7(0. 7) 

7.4 

5. 3(0. 7) 

3. 8(2. 8) 

1 ,2,4-TR IMETHYLBENZENE 

13(1.0) 

12(0.7) 

17 

10(7.5) 

7. 0(3. 5) 

120 
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TABLE  B-3.  ACTUAL  HYDROCARBON  CONCENTRATIONS  (mg/a  OF  EXTRACT) a  IN  SAMPLES 
TAKEN  FROM  THE  SHALLOW  WATER  STERILE  BOTTLE  TESTS  (CONCLUDED). 


DAYS 


2 

4 

8 

17 

29 

DECANE 

30(2.7) 

27(3.7) 

30 

13(3.5) 

7. 5(3. 5) 

1,2,3-TRIMETHYLBENZENE 

4.3(0. 7) 

1.4(0. 2) 

4.7 

4. 1(0.5) 

4.9 

INDAN 

1.9(0. 1) 

1.5(0. 2) 

1.9 

1.5(0. 2) 

1.4(0. 4) 

UNDECANE 

45(4.9) 

43(5.5) 

53 

33(8.0) 

NAPHTHALENE 

11(1.1) 

9. 7(1.0) 

12 

8. 4(1. 3) 

7. 1(3.3) 

DODECANE 

42(4.3) 

49(5.6) 

64 

50(7.9) 

44(16) 

TR IDE  CANE 

39(2.8) 

42(5.9) 

51 

46(8.7) 

48(17) 

TETRADECANE 

20(1.9) 

22(3.2) 

30 

28(3.2) 

PENTADECANE 

6. 5(0. 8) 

7. 1(1.1) 

9.5 

8. 6(1. 2) 

9. 8(2. 7) 

HEXADECANE 

0.5(0. 6) 

0.3( .08) 

0.7 

0.5(0. 3) 

0.7(0. 2) 

a  Values  are  means  (_+  the  standard  deviations).  Where  no  standard  deviation  is 
indicated,  n=l;  i.e.,  hydrocarbon  concentrations  in  the  other  samples  was  below 
detection  limits.  Only  one  bottle  was  analyzed  for  Day  8  samples. 

h  Zero  reflects  a  hydrocarbon  concentration  below  detection  limit,  either  because 
of  sample  size  or  actual  disappearance. 


TABLE  B-4.  ACTUAL  HYDROCARBON  CONCENTRATIONS  (mg/;,  OF  EXTRACT) a  IN  SAMPLES 
TAKEN  FROM  THE  DEEP  WATER  STERILE  BOTTLE  TESTS. 


DAYS 


2 

4 

8 

17 

29 

BENZENE 

0 

0 

0 

0 

0 

CYCLOHEXANE 

0 

0 

0 

0 

0 

2, 3-D  I METHYL PENTANE 

0 

0 

0 

0 

0 

3-METHYLHEXANE 

1.4 

0 

0 

0 

0 

HEPTANE 

27(7.5) 

26(2.5) 

19 

19(6.9) 

11 

METHYLCYCLOHEXANE 

1.9(0. 8) 

1.3 

0 

0 

0 

2,5-DIMETHYLHEXANE 

0 

0 

0 

0 

0 

2, 4-DIMETHYL HEXANE 

0 

0 

0 

0 

0 

METHYLBENZENE 

3.7(2. 1) 

2. 5(0. 9) 

7.8 

2.9(0. 1) 

2. 6(0. 3) 

2-METHYLHEPTANE 

5. 0(2. 4) 

5. 5(3. 4) 

4.6 

3. 7(0. 6) 

3. 5(2. 4) 

3-METHYLHEPTANE 

6. 4(3. 2) 

4. 3(2. 5) 

5.9 

4. 5(0. 7) 

4.3(2. 7) 

1,1-DIMETHYLCYCLOHEXANE 

0 

0 

0 

0 

0 

OCTANE 

14(6.9) 

12(7.3) 

13.8 

10(1.7) 

10(6.6) 

ETHYLCYCLOHEXANE 

4. 9(2. 3) 

4. 1(2.4) 

4.3 

3. 1(0.5) 

2. 9(1. 8) 

ETHYLBENZENE 

1.8(0. 8) 

1.3(0. 1) 

0 

.9 

1.2 

M-XYLENE 

2. 7(1. 5) 

1. 0(0.1) 

0 

0 

0 

P-XYLENE 

2.8( 1.4) 

2. 2(0. 9) 

2.2 

1.9(0. 3) 

1.9(0. 1) 

O-XYLENE 

3. 5(1. 3) 

0 

D 

0 

0 

NONANE 

24(9.5) 

20(9.8) 

23 

15.9(10) 

21(10) 

ISOPROPYLBENZENE  (CUMENE) 

0 

0 

0 

0 

0 

1 , 3,5 -TR IMETHYL BENZENE 

6.  0(9.6) 

5. 3(2. 5) 

5.4 

4. 7(0. 6) 

4. 7(2. 2) 

1 ,2,4- TR IML  THYL BENZENE 

15(5.5) 

12(5.4) 

13 

8.8(6. 1) 

12(5.8) 

f  TABLE  B-4.  ACTUAL  HYDROCARBON  CONCENTRATIONS  (mg/?.  OF  EXTRACT)3  IN  SAMPLES 

f  TAKEN  FROM  THE  DEEP  WATER  STERILE  BOTTLE  TESTS  (CONCLUDED). 

1  DAYS 


2 

4 

8 

17 

29 

DECANE 

39(10) 

31(10) 

35 

33(3.6) 

34(11) 

1 ,2,3-TRIMETHYLBENZENE 

3. 5(1. 9) 

4.0 

0 

0 

0 

INDAN 

2. 2(0. 8) 

1.6(0. 1) 

1.4 

1.4(0. 2) 

1.4(0. 5) 

UNDECANE 

68(14) 

55(7.4) 

60 

56(5.9) 

58(13) 

NAPHTHALENE 

16(5.2) 

11(3.4) 

9.2 

9. 1(1. 3) 

10(2.9) 

DODECANE 

78(11) 

64(11) 

68 

65(7.0) 

69(14) 

TRIDECANE 

67(7.5) 

59(8.4) 

57 

59(4.5) 

61(11) 

TETRADECANE 

36(4.2) 

31(4.5) 

31 

32(4.0) 

34(5.8) 

PENTADECANE 

11(1.3) 

9. 6(1. 4) 

9.7 

9. 4(1. 2) 

10(1.4) 

HEXADECANE 

0.9(0. 1) 

1.6(1. 7) 

0.7 

0.5(0. 8) 

0.8(0. 2) 

3  Values  are  means  (+  the  standard  deviations).  Where  no  standard  deviation  is 
indicated,  n=l;  i.e.,  hydrocarbon  concentrations  in  the  other  samples  was  below 
detection  limits.  Only  one  bottle  was  analyzed  for  Day  8  samples. 

h  Zero  reflects  a  hydrocarbon  concentration  below  detection  limit,  either  because 
of  sample  size  or  actual  disappearance. 
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TABLE  B-5.  ACTUAL  HYDROCARBON  CONCENTRATIONS  (mg/?.  OF  EXTRACT)3  IN  SAMPLES 
TAKEN  FROM  THE  SHALLOW  WATER  TRAYS. 

DAYS 


3 

4 

7 

14 

21 

29 

BENZENE 

0 

0 

0 

0 

0 

0 

CYCLOHEXANE 

5.4 

0 

4.9 

1.5 

0 

1.7 

2, 3-DIMETHYL PENTANE 

2.9 

0 

3.3 

1.3 

0 

1.2 

3-METHYLHEXANE 

11.1 

1.9 

12.6 

5.0 

0 

4.7 

HEPTANE 

114 

18.4 

124 

47.0 

0 

47.5 

METHYLCYCLOHEXANE 

16.5 

2.4 

18.1 

6.7 

0 

6.6 

2, 5-DIMETHYL HEXANE 

4.1 

0 

4.9 

2.1 

0 

1.8 

2,4-DIMETHYLHEXANE 

6.4 

0 

7.6 

3.2 

0 

2.9 

METHYLBENZENE 

6.1 

0 

3.0 

1.7 

0 

0 

2-METHYLHEPTANE 

31.6 

5.2 

37.3 

15.1 

1.2 

14.7 

3-METHYLHEPTANE 

36.1 

6.8 

43.4 

17.8 

1.7 

17.0 

1 , 1 -DIMETHYL CYCLOHEXANE 

1.5 

0 

1.9 

0 

0 

0 

OCTANE 

68.0 

11.6 

81.6 

32.2 

2.6 

31.9 

ETHYLCYCLOHEXANE 

21.5 

27.2 

10.9 

1.1 

10.8 

ETHYLBENZENE 

3.2 

0 

2.5 

M-XYLENE 

13.7 

1.4 

11.3 

4.7 

0 

2.6 

P-XYLENE 

12.3 

1.9 

14.0 

5.5 

0 

4.9 

O-XYLENE 

10.4 

0 

10.0 

3.0 

0 

2.3 

69.2 

13.1 

37.3 

ISOPROPYLBENZENE  (CUMENE) 

1.9 

0 

2.0 

0 

0 

1,3,5-TRIMETHYLBENZENE 

23.8 

4.2 

33.1 

11.8 

2.2 

12.4 

1,2,4-TRIMETHYLBENZENE  32.3 


.9 


38.7  10.8 


0 


13.5 


TABLE  B-5.  ACTUAL  HYDROCARBON  CONCENTRATIONS  (my/4  OF  EXTRACT) a  IN  SAMPLES 
TAKEN  FROM  THE  SHALLOW  WATER  TRAYS  (CONCLUDED). 


DECANE 


84.4  17.3  126 


1 ,2,3-TRIMETHYLBENZENE  14.5  2.1  17.7 

6.1  1.0  8.0 

UNDECANE  127  27.7  197 

NAPHTHALENE  37.6  6.0  50.8 

DODECANE  155  36.3  256 

5  32. 


TRIDECANE 


TETRADECANE 


PENTADECANE 


HEXADECANE 


1  4.9  47 

1  0 

5 

»  0 

2 

1  7.7 

1 

1 

| 

vl  1 

t  1.8 

16 

89 

a  Zero  reflects  a  hydrocarbon  concentration  below  detection  limit,  either  because 
of  sample  size  or  actual  di sappearance. 


TABLE  B-6.  ACTUAL  HYDROOARBON  CONCENTRATIONS  (mg/t  OF  EXTRACT)3  IN  SAMPLES 
TAKEN  FROM  THE  DEEP  WATER  TRAYS. 


DAYS 


3 

4 

10 

14 

21 

37 

BENZENE 

0 

0 

0 

0 

0 

0 

CYCLOHEXANE 

1.7 

12.2 

3.3 

0 

0 

0 

2,3-DIMETHYLPENTANE 

0 

6.5 

1.9 

0 

0 

0 

3-METHYLHEXANE 

3.8 

25.3 

7.4 

1.4 

1.4 

1.0 

HEPTANE 

37.9 

254 

78.1 

14.3 

11.3 

10.2 

METHYLCYCLOHEXANE 

5.6 

36.5 

10.9 

1.2 

0 

1.4 

2, 5-DIMETHYL HEXANE 

1.4 

9.2 

2.8 

0 

0 

0 

2,4-DIMETHYLHEXANE 

2.2 

14.0 

4.3 

0 

1.3 

0 

METHYLBENZENE 

2.1 

12.6 

2.0 

0 

0.9 

1.7 

2-METHYLHEPTANE 

10.6 

68.8 

21.6 

4.0 

4.8 

2.9 

3-METHYLHEPTANE 

13.3 

78.5 

24.6 

5.0 

6.1 

3.6 

1, 1-DIMETHYLCYCLOHEXANE 

0 

3.3 

0 

0 

0 

0 

OCTANE 

24.6 

147 

46.9 

8.3 

9.6 

6.6 

ETHYLCYCLOHEXANE 

8.0 

45.8 

14.5 

2.6 

3.6 

2.2 

ETHYLBENZENE 

2.9 

16.2 

4.5 

0 

1.1 

0 

M-XYLENE 

5.2 

29.0 

7.6 

0 

1.1 

0.9 

P-XYLENE 

4.7 

26.4 

1.1 

1.8 

1.0 

O-XYLENE 

2.9 

24.3 

5.8 

0 

0 

0 

NONANE 

26.8 

149 

46.8 

7.7 

11.4 

7.1 

ISOPROPYLBENZENE  (CUMENE) 

0 

4.9 

1.2 

0 

0 

0 

1 ,3,5-TRIMETHYLBENZENE 

9.5 

51.4 

15.8 

1.7 

2.7 

2.3 

I,2,4-TR IMETHYLBENZENE 

11.9 

74.6 

22.3 

0 

0.9 

14.5 

TABLE  B-6.  ACTUAL  HYDROCARBON  CONCENTRATIONS  (mg/*  OF  EXTRACT) a  IN  SAMPLES 
TAKEN  FROM  THE  DEEP  WATER  TRAYS  (CONCLUDED). 

DAYS 


3 

4 

10 

14 

21 

37 

DECANE 

34.6 

188 

56.8 

8.6 

13.5 

9.4 

1 ,2,3-TR 1METHYLBENZENE 

5.6 

34.8 

9.3 

0 

0 

4.9 

INDAN 

2.4 

16.3 

4.0 

0 

0 

0 

UNDECANE 

54.7 

283 

84.9 

11.8 

18.7 

14.6 

NAPHTHALENE 

13.0 

85.8 

26.4 

1.5 

3.2 

3.2 

DODECANE 

66.1 

406 

107 

13.8 

22.2 

20.2 

TRIDECANE 

59.1 

366 

98.5 

11.2 

17.8 

19.2 

TETRADECANE 

35.1 

221 

56.6 

6.7 

11.0 

11.8 

PENTADECANE 

10.5 

68.4 

17.4 

2.5 

4.1 

3.9 

HEXADECANE 

1.4 

9.1 

1.9 

0 

0 

0 

a  Zero  reflects  a  hydrocarbon  concentration  below  detection  limit,  either  because 
of  sample  size  or  actual  disappearance. 


TABLE  B-7.  ACTUAL  HYDROCARBON  CONCENTRATIONS  (mg/t  OF  EXTRACT) a  IN  SAMPLES 
TAKEN  FROM  THE  SHALLOW  WATER  SITE  IN  THE  FIELD. 


DAYS 


1 

7 

14 

21 

28 

36 

BENZENE 

1.8 

0 

U 

0 

0 

0 

CYCLOHEXANE 

0 

0 

0 

0 

0 

0 

2, 3-D  IMETHYL PENTANE 

1.9 

1.6 

0 

0 

0 

0 

3-METHYLHEXANE 

7.1 

6.8 

0 

0 

0 

0 

HEPTANE 

72.8 

69.5 

0 

6.3 

7.2 

0 

METHYLCYCLOHEXANE 

8.4 

4.8 

0 

0 

0 

0 

2, 5-D IMETHYL HEXANE 

2.5 

2.9 

0 

0 

0 

0 

2, 4-D IMETHYL HEXANE 

3.9 

4.6 

0 

0 

0 

0 

METHYLBENZENE 

0 

0 

0 

0 

0 

1.8 

2-METHYLHEPTANE 

17.9 

20.3 

1.7 

2.1 

2.4 

0 

3-METHYLHEPTANE 

20.3 

23.0 

2.2 

2.8 

3.0 

0 

1,1-DIMETHYL  CYCLOHEXANE 

0 

0 

0 

0 

0 

0 

OCTANE 

36.2 

39.2 

3.6 

4.5 

4.3 

0 

ETHYLCYCLOHEXANE 

10.4 

10.9 

1.3 

1.7 

1.6 

1.0 

ETHYLBENZENE 

2.0 

1.9 

0 

3.6 

0 

0 

M-XYLENE 

1.3 

0 

l) 

0 

0 

0.9 

--XYLENE 

4.0 

4.6 

0 

0.9 

0 

0 

O-XYLENE 

1.3 

0 

0 

0 

0 

0 

NONANE 

29.3 

32.9 

8.4 

5.9 

4.1 

2.1 

ISOPROPYLBENZENE  (CUMENE) 

0 

0 

0 

0 

0 

0 

1 ,3,5-TRIMETHYLBENZENE 

3.6 

6.4 

1.2 

1.5 

1.0 

1.0 

1,2,4-TRIMETHYLBENZENE 

5.2 

0.9 

0 

0 

0 

0 
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TABLE  B-7.  ACTUAL  HYDROCARBON  CONCENTRATIONS  (mg/A  OF  EXTRACT)3  IN  SAMPLES 
TAKEN  FROM  THE  SHALLOW  WATER  SITE  IN  THE  FIELD  (CONCLUDED). 

DAYS 


1 

1 

14 

21 

28 

36 

DECANE 

28.3 

31.9 

6.8 

8.0 

4.6 

3.2 

1,2,3-TRIMETHYLBENZENE 

1.9 

0 

0 

0 

0 

0 

INDAN 

1.3 

1.3 

0 

0 

0 

0 

UNDECANE 

36.9 

41.6 

10.5 

12.5 

8.2 

5.1 

NAPHTHALENE 

6.7 

6.0 

1.6 

2.2 

1.7 

1.5 

DODECANE 

37.5 

43.7 

13.1 

16.9 

10.3 

6.4 

TRIDECANE 

28.7 

35.1 

11.3 

15.4 

7.8 

4.6 

TETRADECANE 

16.8 

20.9 

6.8 

9.9 

5.0 

2.6 

PENTADECANE 

4.8 

6.5 

2.6 

3.7 

1.7 

U.9 

HEXADECANE 

2.1 

0 

0 

0 

0 

0 

3  Zero  reflects 

a  hydrocarbon  concentration 

below 

detection 

limit. 

either  because 

of  sample  size  or  actual  disappearance. 


TABLE  B-8.  ACTUAL  HYDROCARBON  CONCENTRATIONS  (mg/*  OF  EXTRACT) a  IN  SAMPLES 
TAKEN  FROM  THE  DEEP  WATER  SITE  IN  THE  FIELD. 

DAYS 

14  7  10  14  21 


BENZENE  00  0  0  1.2  0 


CYCLOHEXANE 

0 

0 

0 

0 

0 

0 

2, 3-D IMETHYL PENTANE 

0 

0 

0 

0 

1.5 

0 

3-METHYLHEXANE 

2.9 

3.1 

2.8 

0 

5.9 

1.1 

HEPTANE 

29.7 

30.0 

28.8 

6.8 

56.9 

11.3 

METHYLCYCLOHEXANE 

4.2 

4.1 

3.4 

0 

6.7 

0 

2,5-DIMETHYLHEXANE 

0 

0 

0 

0 

2.7 

0 

2, 4-DIMETHYL HEXANE 

1.4 

1.5 

1.4 

0 

4.2 

0 

METHYLBENZENE 

1.2 

1.1 

0 

0 

2.2 

0 

2-METHYLHEPTANE 

6.8 

6.3 

6.8 

1.7 

18.3 

3.8 

3-METHYLHEPTANE 

8.1 

7.6 

8.4 

2.0 

21.0 

4.8 

1 , 1 -DIMETHYL CYCLOHEXANE 

0 

0 

0 

0 

0 

0 

OCTANE 

14.4 

13.1 

15.1 

3.5 

36.2 

7.5 

ETHYLCYCLOHEXANE 

4.3 

3.7 

4.5 

1.0 

11.3 

2.5 

ETHYLBENZENE 

1.4 

1.3 

1.4 

0 

2.8 

0 

M-XYLENE 

2.8 

2.2 

2.3 

0 

3.1 

0 

P-XYLENE 

2.2 

1.9 

2.3 

0 

5.0 

1.2 

O-XYLENE 

0 

1.1 

1.1 

0 

1.8 

0 

NONANE 

12.2 

9.3 

13.7 

3.2 

32.9 

8.0 

ISOPROPYLBENZENE  (CUMENE) 

0 

0 

0 

0 

0 

0 

1 ,3,5-TR IMETHYLBENZENE 

3.4 

2.6 

4.3 

0 

3.1 

1.6 

1,2,4-TRIMETHYLBENZENE 

4.3 

3.3 

4.9 

0 

3.7 

0 
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TABLE  B-8. 


ACTUAL  HYDROCARBON  CONCENTRATIONS  (mg/t  OF  EXTRACT) a  IN  SAMPLES 
TAKEN  FROM  THE  DEEP  WATER  SITE  IN  THE  FIELD  (CONCLUDED). 


j 

DAYS 

J 

1 

4 

7  10 

14 

21 

!  DECANE 

v  _ 

1?./ 

8.3 

15.7  3.1 

35.0 

8.6 

'  1 ,2,3-TRIMETHYLBENZENE 

5  . 

1.5 

1.3 

3.5  0 

1.4 

0 

INDAN 


UNDECANE 

NAPHTHALENE 


DODECANE 

18.4 

9.9 

31.4 

4.3 

49.1 

12.4 

TRIDECANE 

14.5 

7.7 

27.4 

3.3 

40.8 

10.7 

TETRADECANE 

9.1 

4.6 

18.6 

1.9 

23.3 

6.0 

PENTADECANE 

2.8 

1.6 

6.4 

0 

7.1 

2.4 

HEXADECANE 

0 

0 

0 

0 

0.4 

0 

a  Zero  reflects  a  hydrocarbon  concentration  below  detection  limit,  either  because 
of  sample  size  or  actual  disappearance. 
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TABLE  B-9.  RATIOS  (NORMALIZED  AS  PERCENT  OF  STANDARD)  OF  CONCENTRATIONS  OF  SELECTED 
HYDROCARBONS  TO  CONCENTRATIONS  OF  TETRADECANE  IN  SAMPLES  TAKEN  FROM 
THE  SHALLOW  WATER  ACTIVE  BOTTLES  TESTS. 

DAYS 


1 

2 

4 

8 

17 

29 

BENZENE 

NSa 

NS 

NS 

NS 

NS 

NS 

CYCLOHEXANE 

Ob 

0 

0 

0 

0 

0 

2, 3-D IMETHYL PENTANE 

0 

0 

0 

NS 

NS 

NS 

3-METHYLHEXANE 

7 

4 

9 

3 

3 

0 

HEPTANE 

1 

0 

1 

0 

0 

0 

METHYLCYCLOHEXANE 

0 

0 

0 

0 

0 

0 

2,5-D  IMETHYL HEXANE 

0 

0 

0 

NS 

NS 

NS 

2, 4-DIMETHYL HEXANE 

0 

0 

0 

0 

U 

0 

METHYLBENZENE  (TOLUENE) 

24 

15 

4 

16 

NS 

6 

2-METHYLHEPTANE 

3 

2 

5 

0 

0 

0 

3-METHYLHEPTANE 

4 

3 

6 

2 

2 

0 

1, 1 -DIMETHYL  CYCLOHEXANE 

NS 

NS 

NS 

NS 

NS 

NS 

OCTANE 

6 

3 

4 

0 

0 

0 

ETHYLCYCLOHEXANE 

8 

5 

10 

4 

4 

0 

ETHYLBENZENE 

0 

0 

0 

0 

0 

0 

M-XYLENE 

3 

0 

0 

0 

0 

0 

P-XYLENE 

7 

4 

8 

0 

NS 

0 

O-XYLENE 

0 

0 

0 

0 

0 

0 

NONANE 

20 

12 

13 

0 

3 

0 

ISOPROPYLBENZENE  (CUMENE) 

NS 

NS 

NS 

NS 

NS 

NS 

1 ,3,5-TR IMETHYLBENZENE 

21 

12 

20 

11 

15 

0 

1 ,2.4-TR IMETHYLBENZENE 

5 

3 

5 

4 

6 

0 
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TABLE  B-S.  RATIOS  (NORMALIZED  AS  PERCENT  OF  STANDARD)  OF  CONCENTRATIONS  OF  SELECTED 
HYDROCARBONS  TO  CONCENTRATIONS  OF  TETRADECANE  IN  SAMPLES  TAKEN  FROM 
THE  SHALLOW  WATER  ACTIVE  BOTTLES  TESTS  (CONCLUDED) . 


DECANE 

43 

28 

34 

10 

11 

0 

1 ,2,3-TRIMETHYLBENZENE 

11 

0 

0 

NS 

NS 

NS 

I  NO  AN 

26 

30 

23 

28 

36 

NS 

UNDECANE 

64 

51 

61 

23 

25 

9 

NAPHTHALENE 

58 

37 

38 

28 

30 

17 

DODECANE 

84 

78 

83 

59 

61 

40 

TRIDECANE 

95 

88 

94 

78 

89 

70 

TETRADECANE 

ion 

100 

100 

100 

100 

100 

PENTADECANE 

108 

98 

95 

107 

101 

118 

HEXADECANE 

143 

93 

86 

131 

NS 

NS 

a  NS  means  insufficient  sample  size  (based  on  the  concentration  of  tetradecane, 
the  persistent  hydrocarbon  used  as  the  internal  standard)  was  available  to 
ascertain  the  presence  or  absence  of  the  hydrocarbon.  Detection  limits  were 
different  for  each  hydrocarbon  because  of  the  relative  sensitivity  of  the  gas 
chromatograph  detector  response. 

b  Sample  size  (based  on  the  concentration  of  tetradecane,  the  persistent  hydro¬ 
carbon  used  as  the  internal  standard)  was  large  enough,  but  hydrocarbon  con¬ 
centration  below  detection  limits.  Detection  limits  were  different  for  each 
hydrocarbon. 


TABLE  B— 10.  RATIOS  (NORMALIZED  AS  PERCENT  OF  STANDARD)  OF  CONCENTRATIONS  OF 
SELECTED  HYDROCARBONS  TO  CONCENTRATIONS  OF  TETRADECANE  IN  SAMPLES 
TAKEN  FROM  THE  SHALLOW  WATER  STERILE  BOTTLES  TESTS. 


DAYS 

1  2  4  8  17  29 


BENZENE  31  0  NSa  NS  NS  NS 


CYCLOHEXANE 

Ob 

0 

0 

0 

0 

0 

2, 3-D IMETHYL PENTANE 

0 

0 

0 

0 

NS 

NS 

3-METHYLHEXANE 

4 

5 

4 

3 

0 

3 

HEPTANE 

0 

0 

0 

0 

0 

0 

METHYLCYCLOHEXANE 

0 

0 

0 

0 

0 

0 

2, 5-D IMETHYL HEXANE 

0 

0 

0 

NS 

NS 

NS 

2, 4-D IMETHYL HEXANE 

0 

0 

0 

0 

0 

0 

METHYLBENZENE  (TOLUENE) 

0 

14 

7 

19 

NS 

8 

2-METHYLHEPTANE 

2 

3 

2 

0 

0 

1 

3-METHYLHEPTANE 

2 

3 

2 

2 

0 

2 

1, 1-DIMETHYLCYCLOHEXANE 

NS 

NS 

NS 

NS 

NS 

NS 

OCTANE 

3 

5 

3 

2 

2 

3 

ETHYLCYCLOHEXANE 

5 

6 

4 

0 

0 

NS 

ETHYLBENZENE 

0 

0 

0 

0 

0 

ns 

M-XYLENE 

3 

0 

0 

0 

0 

0 

P-XYLENE 

4 

6 

4 

0 

NS 

NS 

O-XYLENE 

0 

0 

0 

0 

0 

0 

NONANE 

13 

17 

13 

10 

12 

17 

ISOPROPYLBENZENE  (CUMENE) 

0 

0 

0 

0 

0 

0 

1 ,3,5 -TR  IMETHYL BENZENE 

14 

15 

11 

8 

9 

13 

1 ,2,4 -TR I METHYL BENZENE 

3 

4 

3 

3 

3 

5 

TABLE  B-10.  RATIOS  (NORMALIZED  AS  PERCENT  OF  STANDARD)  OF  CONCENTRATIONS  OF 

SELECTED  HYDROCARBONS  TO  CONCENTRATIONS  OF  TETRADECANE  IN  SAMPLES 
TAKEN  FROM  THE  SHALLOW  WATER  STERILE  BOTTLES  TESTS  (CONCLUDED). 


DAYS 


1 

2 

4 

8 

17 

29 

DECANE 

33 

36 

33 

26 

30 

40 

1,2,3-TRIMETHYLBENZENE 

7 

0 

0 

0 

NS 

NS 

INDAN 

19 

18 

16 

0 

26 

23 

UNDECANE 

55 

57 

56 

46 

53 

64 

NAPHTHALENE 

43 

39 

35 

26 

30 

34 

DODECANE 

77 

80 

79 

68 

75 

81 

TRIDECANE 

92 

93 

93 

85 

89 

88 

TETRADECANE 

100 

100 

100 

100 

100 

100 

PENTADECANE 

108 

100 

99 

107 

101 

99 

HEXADECANE 

125 

100 

111 

125 

NS 

106 

a  NS  means  insufficient  sample  size  (based  on  the  concentration  of  tetradecane, 
the  persistent  hydrocarbon  used  as  the  internal  standard)  was  available  to 
ascertain  the  presence  or  absence  of  the  hydrocarbon.  Detection  limits  were 
different  for  each  hydrocarbon  because  of  the  relative  sensitivity  of  the  gas 
chromatograph  detector  response. 

b  Sample  size  (based  on  the  concentration  of  tetradecane,  the  persistent  hydro¬ 
carbon  used  as  the  internal  standard)  was  large  enough,  but  hydrocarbon  con¬ 
centration  below  detection  limits.  Detection  limits  were  different  for  each 
hydrocarbon. 


TABLE  B— 11. 


RATIOS  (NORMALIZED  AS  PERCENT  OF  STANDARD)  OF  CONCENTRATIONS  OF 
SELECTED  HYDROCARBONS  TO  CONCENTRATIONS  OF  TETRADECANE  IN  SAMPLES 
TAKEN  FROM  THE  DEEP  WATER  ACTIVE  BOTTLES  TESTS. 


2 

4 

8 

BENZENE 

22 

0 

N 

CYCLOHEXANE 

Ob 

0 

0 

2,3-DIMETHYLPENTANE 

0 

0 

0 

3-METHYLHEXANE 

12 

12 

10 

HEPTANE 

2 

2 

0 

METHYLCYCLOHEXANE 

1 

1 

1 

2,5-DIMETHYLHEXANE 

0 

0 

0 

2,4-DIMETHYLHEXANE 

0 

0 

0 

METHYLBENZENE  (TOLUENE) 

2 

2 

1 

2-METH YL HE DTANE 

6 

7 

5 

3-METHYLHEPTANE 

8 

8 

6 

1 , 1 -DIMETHYL CYCLOHEXANE 

0 

NS 

N 

OCTANE 

8 

6 

1 

ETHYLCYCLOHEXANE 

13 

13 

11 

ETHYLBENZENE 

8 

7 

12 

M-XYLENE 

5 

2 

0 

P-XYLENE 

13 

12 

10 

O-XYLENE 

0 

0 

0 

NONANE 


5 

0 

0 

0 

0 

0 

NS 

NS 

0 

0 

0 

6 

0 

0 

3  0 

I S0PR0PYL8ENZENE  (CUMENE) 

0 

NS 

NS 

NS 

NS 

1 , 3,5-TR IMETHYLBENZENE 

29 

26 

25 

20 

12 

1 ,2 ,4-TR IMETHYLBENZENE 

10 

4 

6 

6 

4 

TABLE  B— 11.  RATIOS  (NORMALIZED  AS  PERCENT  OF  STANDARD)  OF  CONCENTRATIONS  OF 

SELECTED  HYDROCARBONS  TO  CONCENTRATIONS  OF  TETRADECANE  IN  SAMPLES 
TAKEN  FROM  THE  DEEP  WATER  ACTIVE  BOTTLES  TESTS  (CONCLUDED). 

DAYS 

2  4  8  17  29 


DECANE 

52 

41 

24 

16 

6 

1 ,2,3-TRIMETHYLBENZENE 

9 

5 

0 

0 

0 

INDAN 

32 

25 

27 

24 

UNDECANE 

74 

65 

49 

38 

23 

NAPHTHALENE 

51 

50 

44 

34 

26 

DODECANE 

87 

84 

76 

69 

55 

TRIDECANE 

97 

94 

90 

83 

84 

TETRADECANE 

100 

100 

PENTADECANE 

102 

98 

100 

109 

HEXADECANE 

NS 

97 

93 

81 

106 

a  NS  means  insufficient 

sample  size 

(based 

on  the 

concentration 

of  tetradecane. 

the  persistent  hydrocarhon  used  as  the  internal  standard)  was  available  to 
ascertain  the  presence  or  absence  of  the  hydrocarbon.  Detection  limits  were 
different  for  each  hydrocarbon  because  of  the  relative  sensitivity  of  the  gas 
chromatograph  detector  response. 

b  Sample  size  (based  on  the  concentration  of  tetradecane,  the  persistent  hydro¬ 
carbon  used  as  the  internal  standard)  was  large  enough,  but  hydrocarbon  con¬ 
centration  below  detection  limits.  Detection  limits  were  different  for  each 
hydrocarbon. 


TABLE  B-12.  RATIOS  OF  (NORMALIZED  AS  PERCENT  OF  STANDARD)  CONCENTRATIONS  OF 

SELECTED  HYDROCARBONS  TO  CONCENTRATIONS  OF  TETRADECANE  IN  SAMPLES 
TAKEN  FROM  THE  DEEP  WATER  STERILE  BOTTLE  TESTS. 

DAYS 


2 

4 

8 

17 

29 

BENZENE 

NSa 

NS 

NS 

NS 

NS 

CYCLOHEXANE 

Ob 

0 

0 

0 

0 

2,3-DIMETHYLPENTANE 

0 

0 

0 

0 

0 

3-METHYLHEXANE 

4 

11 

8 

6 

6 

HEPTANE 

0 

4 

3 

4 

0 

METHYLCYCLOHEXANE 

6 

1 

10 

0 

4 

2,5-DIMETHYLHEXANE 

0 

0 

0 

0 

0 

2, 4-DIMETHYL HEXANE 

0 

0 

0 

0 

0 

METHYLBENZENE  (TOLUENE) 

8 

2 

14 

0 

5 

2-METHYLHEPTANE 

2 

6 

4 

3 

3 

3-METHYLHEPTANE 

3 

7 

5 

3 

3 

1 , 1-D IMETHYLCYCLOHEXANE 

NS 

NS 

NS 

NS 

NS 

OCTANE 

4 

10 

7 

5 

5 

ETHYLCYCLOHEXANE 

5 

12 

8 

6 

6 

ETHYLBENZENE 

5 

6 

0 

0 

0 

M-XYLENE 

4 

2 

0 

0 

0 

P-XYLENE 

5 

10 

7 

7 

7 

O-XYLENE 

0 

0 

0 

157 

0 

NONANE 

15 

27 

21 

20 

21 

ISOPROPYLBENZENE  (CUMENE) 

0 

NS 

NS 

NS 

NS 

1 ,3,5-TRIMETHYLBENZENE 

8 

23 

16 

16 

16 

1 ,2,4-TRIMETHYLBENZENE 

10 

7 

4 

4 

4 

TABLE  B-12.  RATIOS  OF  (NORMALIZED  AS  PERCENT  OF  STANDARD)  CONCENTRATIONS  OF 

SELECTED  HYDROCARBONS  TO  CONCENTRATIONS  OF  TETRADECANE  IN  SAMPLES 
TAKEN  FROM  THE  DEEP  WATER  STERILE  BOTTLE  TESTS  (CONCLUDED). 

DAYS 


2 

4 

8 

17 

29 

DECANE 

38 

49 

40 

42 

41 

1,2,3-TRIMETHYLBENZENE 

9 

0 

0 

INDAN 

22 

22 

21 

UNDECANE 

66 

71 

61 

67 

64 

NAPHTHALENE 

55 

50 

33 

35 

34 

DODECANE 

86 

86 

77 

82 

80 

TRIDECANE 

94 

95 

91 

93 

93 

TETRADECANE 

100 

100 

PENTADECANE 

98 

93 

98 

HEXADECANE 

102 

104 

111 

79 

106 

a  NS  means  insufficient 

sample  size  (based 

on  the  concentration  of  tetradecane. 

the  persistent  hydrocarbon  used  as  the  internal  standard)  was  available  to 
ascertain  the  presence  or  absence  of  the  hydrocarbon.  Detection  limits  were 
different  for  each  hydrocarbon  because  of  the  relative  sensitivity  of  the  gas 
chromatograph  detector  response. 

h  Sample  size  (based  on  the  concentration  of  tetradecane,  the  persistent  hydro¬ 
carbon  used  as  the  internal  standard)  was  large  enough,  but  hydrocarbon  con¬ 
centration  below  detection  limits.  Detection  limits  were  different  for  each 
hydrocarbon. 


TA8LE  B- 13.  RATIOS  (NORMALIZED  AS  PERCENT  OF  STANDARD)  OF  CONCENTRATIONS  OF 
SELECTED  HYDROCARBONS  TO  CONCENTRATIONS  OF  TETRADECANE  IN  SAMPLES 
TAKEN  FROM  THE  SHALLOW  WATER  TRAYS. 


BENZENE 

CYCLOHEXANE 


2,3-DIMETHYLPENTANE 


3-METHYLHEXANE 


HEPTANE 


METHYLCYCLOHEXANE 


2, 5-DIMETHYL HEXANE 


ISa 

NS 

O1 

1 

0 

2 

*  2, 4-DIMETHYL HEXANE 

13 

0 

6 

7 

0 

0 

j?  METHYLBENZENE  (TOLUENE) 

14 

6 

6 

6 

0 

0 

j  2-METHYLHEPTANE 

16 

8 

8 

9 

6 

5 

P  3-METHYLHEPTANE 

5 

2 

2 

2 

8 

6 

1 , 1-DIMETHYLCYCLOHEXANE 

w 

NS 

NS 

NS 

0 

NS 

NS 

OCTANE 

19 

11 

10 

11 

7 

7 

ETHYLCYCLOHEXANE 


ETHYLBENZENE 


M-XYLENE 


P-XYLENE 


O-XYLENE 


NONANE 


1,2,4-TRIMETHYLBENZENE 


36 


19  20 


16 


0 


8 


TABLE  B— 13.  RATIOS  (NORMALIZED  AS  PERCENT  OK  STANDARD)  OF  CONCENTRATIONS  OP 

SELECTED  HYDROCARBONS  TO  CONCENTRATIONS  OP  fETRADECANE  IN  SAMPLES 


TAKEN  FROM  THE 

SHALLOW 

WATER 

TRAYS 

(CONCLUDED) 

• 

DAYS 

3 

4 

7 

14 

21 

29 

DECANE 

47 

36 

36 

39 

34 

29 

1 ,2,3-TR IMETHYLBENZENE 

29 

16 

19 

13 

0 

14 

INDAN 

42 

26 

32 

35 

25 

0 

UNDECANE 

62 

53 

50 

55 

49 

45 

NAPHTHALENE 

60 

47 

37 

41 

28 

31 

DODECANE 

76 

73 

68 

70 

70 

67 

TRIDECANE 

93 

86 

89 

88 

84 

81 

TETRADECANE 

100 

100 

100 

100 

100 

100 

PENTADECANE 

101 

106 

97 

101 

122 

121 

HEXADECANE 

111 

0 

98 

93 

NS 

140 

a  NS  means  insufficient  sample  size  (based  on  the  concentration  of  tetradecane, 
the  persistent  hydrocarbon  used  as  the  internal  standard)  was  available  to 
ascertain  the  presence  or  absence  of  the  hydrocarbon.  Detection  limits  were 
different  for  each  hydrocarbon  because  of  the  relative  sensitivity  of  the  gas 
chromatograph  detector  response. 

h  Sample  size  (based  on  the  concentration  of  tetradecane,  the  persistent  hydro¬ 
carbon  used  as  the  internal  standard)  was  large  enough,  but  hydrocarbon  con¬ 
centration  below  detection  limits.  Detection  limits  were  different  for  each 
hydrocarbon. 


TABLE  8-14.  RATIOS  (NORMALIZED  AS  PERCENT  OF  STANDARD)  OF  CONCENTRATIONS  OF 
SELECTED  HYDROCARBONS  TO  CONCENTRATIONS  OF  TETRADECANE  IN  SAMPLES 
TAKEN  FROM  THE  DEEP  WATER  TRAYS. 

DAYS 


3 

4 

10 

14 

21 

37 

BENZENE 

Ob 

0 

0 

0 

0 

NSa 

CYCLOHEXANE 

3 

4 

4 

0 

0 

0 

2, 3-DIMETHYL PENTANE 

0 

6 

6 

0 

0 

0 

3-METHYLHEXANE 

6 

6 

6 

10 

6 

4 

HEPTANE 

7 

7 

8 

12 

5 

5 

METHYLCYCLOHEXANE 

7 

7  . 

8 

6 

4 

4 

2,5-DIMETHYLHEXANE 

10 

10 

11 

0 

0 

0 

2, 4-DIMETHYL HEXANE 

9 

10 

10 

NS 

15 

0 

METHYLBENZENE  (TOLUENE) 

9 

10 

11 

9 

5 

6 

2-METHYLHEPTANE 

10 

12 

13 

20 

14 

8 

3-METHYLHEPTANE 

3 

4 

4 

6 

4 

2 

1, 1-DIMETHYLCYCLOHEXANE 

0 

NS 

NS 

NS 

NS 

NS 

OCTANE 

14 

14 

16 

23 

16 

8 

ETHYLCYCLOHEXANE 

17 

16 

18 

26 

22 

11 

ETHYLBENZENE 

14 

13 

13 

NS 

16 

13 

M-XYLENE 

13 

13 

12 

0 

9 

6 

P-XYLENE 

16 

16 

17 

20 

20 

11 

O-XYLENE 

11 

16 

14 

0 

0 

0 

NONANE 

26 

25 

28 

38 

35 

20 

ISOPROPYLBENZENE  (CUMENE) 

NS 

23 

22 

0 

NS 

NS 

1,3,5-TRIMETHYLBENZENE 

31 

29 

33 

29 

29 

22 

1,2,4-TRIMETHYLBENZENE 

28 

29 

34 

NS 

7 

16 

TABLE  B— 14.  RATIOS  (NORMALIZED  AS  PERCENT  OF  STANDARD)  OF  CONCENTRATIONS  OF 
SELECTED  HYDROCARBONS  TO  CONCENTRATIONS  OF  TETRADECANE  IN  SAMPLES 
TAKEN  FROM  THE  DEEP  WATER  TRAYS  (CONCLUDED). 


DAYS 


3 

4 

10 

14 

21 

37 

DECANE 

41 

39 

44 

55 

52 

34 

1,2,3-TRIMETHYLBENZENE 

24 

26 

26 

NS 

NS 

16 

INDAN 

34 

40 

36 

NS 

NS 

NS 

UNDECANE 

57 

52 

60 

69 

66 

98 

NAPHTHALENE 

46 

45 

55 

37 

35 

34 

DODECANE 

75 

66 

75 

85 

82 

70 

TRIDECANE 

90 

88 

91 

91 

92 

90 

TETRADECANE 

100 

100 

100 

100 

100 

100 

PENTADECANE 

104 

98 

109 

123 

113 

107 

HEXADECANE 

109 

0 

106 

NS 

NS 

NS 

a  NS  means  insufficient  sample  size  (based  on  the  concentration  of  tetradecane, 
the  persistent  hydrocarbon  used  as  the  internal  standard)  was  available  to 
ascertain  the  presence  or  absence  of  the  hydrocarbon.  Detection  limits  were 
different  for  each  hydrocarbon  because  of  the  relative  sensitivity  of  the  gas 
chromatograph  detector  response. 

^  Sample  size  (based  on  the  concentration  of  tetradecane,  the  persistent  hydro¬ 
carbon  used  as  the  internal  standard)  was  large  enough,  but  hydrocarbon  con¬ 
centration  below  detection  limits.  Detection  limits  were  different  for  each 
hydrocarbon. 


TABLE  B— 15.  RATIOS  (NORMALIZED  AS  PERCENT  OF  STANDARD)  OF  CONCENTRATIONS  OF 
SELECTED  HYDROCARBONS  TO  CONCENTRATIONS  OF  TETRADECANE  IN  SAMPLES 
TAKEN  FROM  THE  SHALLOW  WATER  SITE  IN  THE  FIELD  (CONTINUED). 

DAYS 


1 

7 

20 

27 

35 

BENZENE 

18 

0 

NSa 

NS 

NS 

CYCLOHEXANE 

0^ 

0 

0 

0 

0 

2,3-DIMETHYLPENTANE 

20 

0 

0 

0 

0 

3-METHYLHEXANE 

21 

26 

0 

0 

0 

HEPTANE 

26 

31 

0 

0 

0 

METHYLCYCLOHEXANE 

20 

25 

0 

0 

0 

2,5-DIMETHYLHEXANE 

34 

0 

NS 

NS 

0 

2,4-DIMETHYLHEXANE 

31 

32 

0 

0 

0 

METHYLBENZENE  (TOLUENE) 

28 

34 

0 

0 

0 

2-METHYLHEPTANE 

36 

36 

0 

0 

0 

3-METHYLHEPTANE 

13 

17 

0 

0 

0 

1,1-DIMETHYLCYCLOHEXANE 

0 

NS 

NS 

NS 

NS 

OCTANE 

41 

43 

0 

0 

0 

ETHYLCYCLOHEXANE 

43 

45 

0 

0 

NS 

ETHYLBENZENE 

19 

0 

0 

0 

0 

M-XYLENE 

6 

14 

NS 

0 

NS 

P-XYLENE 

29 

30 

0 

0 

0 

O-XYLENE 

10 

0 

0 

0 

0 

NONANE 

56 

54 

16 

26 

32 

ISOPROPYLBENZENE  (CUMENE) 

0 

0 

0 

0 

NS 

1 ,3,5-TRIMETHYLBENZENE 

23 

20 

0 

0 

NS 

1 ,2,4-TRIMETHYLBENZENE 

24 

28 

0 

0 

0 

144 


a 


% 


RATIOS  (NORMALIZED  AS  PERCENT  OF  STANDARD)  OF  CONCENTRATIONS  OF 
SELECTED  HYDROCARBONS  TO  CONCENTRATIONS  OF  TETRADECANE  IN  SAMPLES 
TAKEN  FROM  THE  SHALLOW  WATER  SITE  IN  THE  FIELD  (CONCLUDED). 


I 


NAPHTHALENE 

46 

47 

0 

49 

52 

DODECANE 

85 

86 

83 

78 

TRIDECANE 

87 

90 

88 

96 

92 

TETRADECANE 

100 

100 

PENTADECANE 

118 

111 

112 

HEXAOECANE 

153 

NS 

NS 

H9I 

a  NS  means  insufficient  sample  size  (based  on  the  concentration  of  tetradecane, 
the  persistent  hydrocarbon  used  as  the  internal  standard)  was  available  to 
ascertain  the  presence  or  absence  of  the  hydrocarbon.  Detection  limits  were 
different  for  each  hydrocarbon  because  of  the  relative  sensitivity  of  the  gas 
chromatograph  detector  response. 

b  Sample  size  (based  on  the  concentration  of  tetradecane,  the  persistent  hydro¬ 
carbon  used  as  the  internal  standard)  was  large  enough,  but  hydrocarbon  con¬ 
centration  below  detection  limits.  Detection  limits  were  different  for  each 
hydrocarbon. 


TABLE  B— 16 .  RATIOS  (NORMALIZED  AS  PERCENT  OF  STANDARD)  OF  CONCENTRATIONS  OF 
SELECTED  HYDROCARBONS  TO  CONCENTRATIONS  OF  TETRADECANE  IN  SAMPLES 


TAKEN  FROM  THE 

DEEP 

WATER  SITE 

IN 

THE  FIELD. 

DAYS 

1 

4 

7 

10 

14 

20 

BENZENE 

NSa 

NS 

NS 

NS 

NS 

Ob 

CYCLOHEXANE 

22 

0 

0 

0 

0 

0 

2,3-DIMETHYLPENTANE 

31 

0 

0 

0 

0 

0 

3-METHYLHEXANE 

32 

33 

57 

48 

17 

10 

HEPTANE 

36 

38 

22 

20 

20 

11 

METHYLCYCLOHEXANE 

34 

0 

0 

0 

0 

0 

2,5-DIMETHYLHEXANE 

NS 

NS 

NS 

NS 

0 

0 

2,4-DIMETHYLHEXANE 

40 

42 

0 

0 

0 

0 

METHYLBENZENE  (TOLUENE) 

47 

50 

0 

0 

0 

0 

2-METHYLHEPTANE 

43 

46 

29 

29 

32 

22 

3-METHYLHEPTANE 

20 

21 

36 

31 

11 

6 

1 , 1-DIMETHYLCYCLOHEXANE 

NS 

NS 

NS 

NS 

NS 

0 

OCTANE 

50 

54 

38 

34 

38 

25 

ETHYLCYCLOHEXANE 

51 

57 

40 

36 

42 

29 

ETHYLBENZENE 

39 

45 

0 

0 

0 

0 

M-XYLENE 

38 

42 

0 

0 

0 

11 

P-XYLENE 

45 

50 

0 

0 

33 

26 

O-XYLENE 

24 

30 

0 

0 

0 

0 

NONANE 

61 

66 

57 

54 

59 

47 

ISOPROPYLBENZENE  (CUMENE) 

NS 

NS 

NS 

NS 

NS 

0 

1,3,5-TRIMETHYLBENZENE 

55 

62 

38 

NS 

42 

32 

1,2,4-TRIMETHYLBENZENE 

49 

57 

0 

0 

0 

0 

TABLE  B-16.  RATIOS  (NORMALIZED  AS  PERCENT  OF  STANDARD)  OF  CONCENTRATIONS  OF 

SELECTED  HYDROCARBONS  TO  CONCENTRATIONS  OF  TETRADECANE  IN  SAMPLES 
TAKEN  FROM  THE  DEEP  WATER  SITE  IN  THE  FIELD  (CONCLUDED). 

DAYS 


1 

4 

7 

10 

14 

20 

DECANE 

68 

74 

77 

68 

76 

64 

1/2/3-TRIMETHYLBENZENE 

44 

45 

0 

0 

0 

0 

INDAN 

0 

NS 

NS 

NS 

NS 

0 

UNDECANE 

72 

72 

80 

76 

85 

75 

NAPHTHALENE 

50 

54 

39 

0 

57 

37 

DODECANE 

83 

85 

92 

90 

97 

88 

TRIDECANE 

89 

87 

93 

93 

98 

91 

TETRADECANE 

100 

100 

100 

100 

PENTADECANE 

114 

104 

NS 

140 

125 

HEXADECANE 

NS 

NS 

NS 

NS 

NS 

0 

d  NS  means  insufficient 

sample  size 

(based 

on  the 

concentration 

of  tetradecane. 

the  persistent  hydrocarbon  used  as  the  internal  standard)  was  available  to 
ascertain  the  presence  or  absence  of  the  hydrocarbon.  Detection  limits  were 
different  for  each  hydrocarbon  because  of  the  relative  sensitivity  of  the  gas 
chromatograph  detector  response. 

b  Sample  size  (based  on  the  concentration  of  tetradecane,  the  persistent  hydro¬ 
carbon  used  as  the  internal  standard)  was  large  enough,  but  hydrocarbon  con¬ 
centration  below  detection  limits.  Detection  limits  were  different  for  each 
hydrocarbon. 
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TABLE  C-4.  MEASURED  CONCENTRATIONS  OF  HYDROCARBONS  IN  JP-9  STERILE  SEDIMENT  FLASKS:  RANGE  POINT 
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TABLE  C-7 .  MEASURED  CONCENTRATIONS  OF  HYDROCARBONS  IN  RJ-5  ACTIVE  SEDIMENT:  ESCAMBIA  RIVER 
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TABLE  C- 12 .  MEASURED  CONCENTRATIONS  OF  HYDROCARBONS  IN  RJ-5  STERILE  SEDIMENT  FLASKS:  RANGE  POINT 
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